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             To the most beloved people in my life…
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Every event is dictated by a “telos”, an ultimate goal after a combination of actions.
The aim of being is the development of the potential toward reality. Nothing is
superfluous in nature, nothing is futile, nothing is there that is not perfect. Just by
living in nature, we can witness the existence of a purposeful end in the universal
structure, in all of nature’s creations, all the big and the small ones…
Aristotle, 384 BC
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Summary
To monitor genomic integrity in order to ensure the transmission of genetic
information with high fidelity, eukaryotic cells mount a robust and complex response
to DNA damage. This response translates into arrest of the cell cycle and initiation of
repair pathways, and may culminate in cell death in case of non-repairable damage.
Cells harboring defects in these pathways respond to DNA damage improperly which,
in turn, may enhance the rate of carcinogenesis. Previous and current work in C.
elegans has developed this organism into a promising working model for DNA
damage signaling networks.
DNA damage responsive networks embrace groups of functionally connected
genes. I decided to undertake a genome-wide approach to study these biological
relationships. I utilized cDNA microarrays to develop the gene expression profile
following exposure to Ionizing Radiation (IR) and the mutagenic agent ethyl-nitroso-
urea (ENU). Identifying genes that are differentially regulated in response to DNA
damage may provide insight into the cellular responses to specific genotoxic agents.
This study revealed lin-26, a gene that encodes a member of the Krüppel-type zinc
finger proteins, to be transcriptionally induced upon IR, whereas loss of its function
abrogates DNA damage-induced apoptosis. I speculate that LIN-26 is repressing the
expression of certain pro-survival genes and may be involved in stabilizing the
commitment of the dying cells to the death fate.
vii
A forward genetic screen for mutants defective in IR-induced apoptosis identified
rpo-1, a gene homologous to a splice variant of the second largest subunit of human
RNA polymerase I. Compromising its function also affects nuclear and nucleolar size,
reflecting an abnormal number of ribosomal RNA transcripts. I postulate the
involvement of the nucleolus in the appropriate triggering of DNA damage-induced
cell death.
To expand knowledge of DNA damage signaling cascades, I demonstrated that a
UV-induced signaling pathway is present in C. elegans, which comprises a distinct set
of components that partially overlaps with those of the IR responsive pathway. Major
regulators are the atl-1 and atm-1 genes, that when mutated in humans give rise to
severe genetic disorders. In addition, repair factors are important determinants of the
initiation of the DNA damage signaling triggered by UV.
As many aspects of the DNA damage response have been highly conserved
throughout eukaryotic evolution, studying a simple model organism like C. elegans
will contribute to the unveiling of the complexities of the DNA damage signaling
network in mammals and the underlying biology of human disorders.
viii
Zusammenfassung
Um die Integrität des Genoms zu kontrollieren und um sicherzustellen, dass
genetische Information mit hoher Genauigkeit weitergegeben wird, haben
eukaryotische Zellen eine robuste und komplexe Antwort auf Schädigung der DNA
entwickelt. Diese Antwort besteht aus Zellzyklus-Arretierung wie auch dem Einleiten
von Reparatursignalwegen, und kann im programmierten Zelltod gipfeln, falls der
Schaden an der DNA irreparabel ist. Zellen mit Defekten in diesen
Signaltransduktionswegen können auf Schäden an der DNA nicht angemessen
reagieren, was wiederum eine erhöhte Wahrscheinlichkeit einer neoplastischen
Veränderung mit sich bringt. Frühere wie auch gegenwärtige Forschung am
Nematoden C. elegans hat dazu beigetragen, dass dieser Organismus ein
vielversprechendes Modell darstellt um Signaltransduktionswege nach DNA-
Schädigung zu erforschen.
Aktivierte Netzwerke nach DNA-Schädigung umfassen Gruppen funktionell
verbundener Gene. Ich entschloss mich einen genomweiten Ansatz zu wählen, um
diese biologischen Netzwerke zu studieren. Ich benutzte cDNA microarrays um
Genexpressionsprofile zu erstellen nach ionisierender Strahlung und dem Mutagen
Ethyl-nitroso-urea (ENU). Die Identifizierung von Genen, die unterschiedlich nach
DNA-Schädigung exprimiert werden, können somit Einblick gewähren, wie eine
Zelle auf spezifische genotoxische Einflüsse reagiert.
Diese Arbeit hat zur Identifizierung von lin-26 geführt, einem Gen, das für ein
Mitglied einer neuen Gruppe von Zinkfinger-Proteinen kodiert und auf Ebene der
ix
Transkription hochreguliert wird nach ionisierender Strahlung. Funktionsverlust
dieses Genes führt dazu, dass nach DNA-Schädigung der programmierte Zelltod
verhindert wird. Ich vermute, dass LIN-26 die Expression gewisser Gene hemmt, die
für das Überleben der Zelle zuständig wären und die Zelle in der Entscheidung
Richtung Zelltod stabilisiert.
Ein forward genetische Screen mit dem Ziel Mutanten zu finden, die Apoptose
nach ionisierender Strahlung nicht einleiten können, führte zur Identifizierung von
rpo-1, einem Gene, das Homolog zu einer Spleissvariante der zweitgrössten Unterheit
der menschlichen RNA Polymerase I ist. Eine Beeinträchtigung der Funktion dieses
Gens beeinflusst die Grösse des Zellkerns wie auch des Nukleolus, was eine
veränderte Anzahl ribosomaler RNA Transkripte widerspiegelt. Ich postuliere eine
Beteiligung des Nukleolus an der korrekten Einleitung des programmierten Zelltodes
nach DNA-Schädigung.
Um mehr Einsicht zu gewinnen in Signaltransduktionskaskaden die nach DNA-
Schäden aktiviert werden, zeigte ich im weiteren, dass ein Ultraviolettlicht-
spezifischer Signalweg in C. elegans existiert, der partiell mit dem durch
ionisierender Strahlung aktivierten Signalweg überlappt. Hauptregulatoren sind die
Gene atl-1 und atm-1, welche im Falle einer Mutation zu schwerwiegenden
Krankheiten führen können. Ferner sind gewisse Komponenten der Zellreparatur von
entscheidender Wichtigkeit im Einleiten der Signalwege nach DNA-Schädigung
durch UV-Licht.
xDa viele Aspekte der Zellantwort nach DNA-Schädigung evolutionär konserviert
sind, wird die Forschung an einem simplen Modellorganismus wie  dem Nematoden
C. elegans dazu beitragen, die  Komplexität der Signalwege nach DNA-Schädigung
in Säugetieren zu entschlüsseln und helfen Krankheiten besser zu verstehen, welchen
Defekte in diesen zugrundeliegen.
xi
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CHAPTER 1
PART I
APOPTOSIS IN CAENORHABDITIS ELEGANS
2Preface
“We propose to identify every cell in the worm and trace lineages”, wrote Sydney
in his bid for support for the project in the mid 1960’s. “We shall also investigate the
constancy of development and study its genetic control by looking for mutants.”
Sydney later recalled that some people thought the idea was crazy.
Why did Sydney Brenner pick a worm?
There is not a single member in the whole worm community who hasn’t
recognized by now the importance of that crazy idea and valued the achievements of
the first worm geneticist.
Since then, the soil nematode, a simple eukaryotic organism, has proven to be a
very good model to study various conserved biological processes due to its
extraordinary characteristics: a well-characterized and invariant cell lineage, the small
size of a transparent body that allows morphological observations, combined with
powerful genetics and a fully sequenced genome, are among the properties that make
it so advantageous.
Mostly valuable it was proven for the understanding of programmed cell death
(Horvitz et al., 1982, Metzstein et al., 1998, Liu & Hengartner, 1999, Horvitz, 1999).
The pioneer studies of the genetics of developmental programmed cell death by
Horvitz and his colleagues led to the identification of the principal components of a
core apoptotic pathway, which was found to be conserved in several organisms,
including mammals.
3Already since the mid-nineteenth century, many observations had indicated that
cell death plays a considerable role during physiological processes of multicellular
organisms, particularly during embryogenesis and metamorphosis (Gluecksmann,
1951 Lockshin et al., 2001). Cell death removes superfluous, damaged or harmful
cells to sculpt the structures of the future organism, to form the proper shapes of
organs by deleting unneeded structures, and to control the appropriate number of cells
that are produced. The term programmed cell death or apoptosis was introduced to
propose that cell death during development is not of accidental nature but follows a
sequence of genetically controlled steps leading to locally and temporally defined
self-destruction (Lockshin & Williams, 1964). Later in life, apoptosis is used to
maintain tissue homeostasis, for example, by eliminating immature lymphocytes that
have inappropriate receptor specificities during the establishment of the immune
tolerance, or virus-infected and injured cells.
Apoptotic processes are, therefore, of widespread biological significance.
Dysfunction or dyrsegulation of the apoptotic program is implicated in a variety of
pathological conditions. Defects in apoptosis can result in cancer, autoimmune
diseases and spreading of viral infections, whereas excessive apoptosis can lead to
neurodegenerative disorders, AIDS and ischaemic diseases (Fadeel et al., 1999).
41.1. Cell death occurs during development in C. elegans
During development of the C. elegans hermaphrodite animal, one hundred and
thirty-one cells out of the thousand and ninety that are initially generated die by
apoptosis in a highly reproducible manner (Sulston and Horvitz, 1977, Sulston et al.,
1983). Namely, always the same cells and at a well-defined and invariant point in
embryonic development will be removed, with all of them being extinguished by the
time embryos have reached the three-fold stage.
Stereotypical morphological changes, such as cell shrinkage, deformation and loss
of contact to the neighboring cells, chromatin condensation, plasma membrane
blebbing or budding, and fragmentation into compact membrane-enclosed structures
called 'apoptotic bodies', is what one observes under the light microscope, similar to
the morphological changes occurring in dying mammalian cells (Sulston & Horvitz,
1977, Robertson & Thomson, 1982).
Extensive genetic screens for mutations that affect the execution of developmental
cell death led to the identification of a genetic pathway for programmed cell death.
Epistasis studies placed the affected genes in a linear pathway, that requires the
hierarchical occurrence of four different phases: induction of programmed cell death,
execution of the apoptotic program, engulfment of the dying cell by one of its
neighbors and degradation of the corpse within the engulfing cell (Figure 1) (Liu &
Hengartner, 1999). Recent studies, however, in both mammals and C. elegans
suggested that there is interplay among the four steps, with the phagocytes actively
promoting the execution of programmed cell death in the doomed cells (Figure 1)
(Reddien et al., 2001, Conradt, 2002).
51.1.1. The genetic requirements of programmed cell death
Developmental cell death requires the action of three genes, ced-3, ced-4 (cell
death abnormality) and egl-1 (egg-laying defective), for its execution. A fourth gene,
ced-9, has a pro-survival activity and normally protects cells from an inappropriate
activation of the apoptotic pathway. ced-3, ced-4  and ced-9  form the core apoptotic
machinery while the pro-apoptotic activity of EGL-1 relies on the negative regulation
of CED-9 (Liu and Hengartner, 1999).
The CED-3 caspase
ced-3 is essential for programmed cell death in C. elegans, as strong loss of
function mutations in the gene completely block all normally occurring deaths, except
those occuring in the male tail (Ellis and Horvitz, 1986). Weaker loss of function
alleles of ced-3, result in a partial suppression of death, with a fraction of cells dying
in a stochastic way. Mosaic analysis and ectopic expression experiments suggest that
ced-3 functions cell autonomously to promote programmed cell death (Ellis and
Horvitz, 1986; Yuan and Horvitz 1990; Shaham and Horvitz 1996a).
ced-3 encodes a member of the CED-3/ICE (Interleukin-1b converting enzyme)
family of cysteine aspartyl proteases (Yuan et al., 1993, Xue et al., 1996), which act
by triggering intracellular proteolytic cascades that ultimately lead to the degradation
of vital cell components. Despite the numerous death caspases identified in mammals
(Alnemri et al., 1996, Nicholson & Thornberry, 1997), only CED-3 in worms has a
6well-defined role in cell death (Shaham, 1998), with little information on its
substrates, though.
Overexpression of CED-3 or any of the other ICE family members induces
apoptotic cell death in mammalian cells (Miura et al., 1993). Simultaneous
overexpression of either Bcl-2, the mammalian ced-9 homolog, or by viral caspase
inhibitors, such as p35 can prevent these deaths (Ray et al., 1992, 1993; Martinou et
al., 1995; Xue and Horvitz, 1995).
The CED-4/Apaf1 orthologue
ced-4 was initially regarded as a protein of unknown function (Yuan & Horvitz,
1992) and only when the mammalian apoptotic protease activating factor-1, Apaf-1,
was identified and characterized, did its function become known (Zou et al., 1997).
ced-4 is also essential for programmed cell death in C. elegans. ced-4(lf) mutations
completely prevent all developmental cell deaths, except those occurring in the male
tail (Ellis and Horvitz, 1986). Interestingly enough, through alternative splicing the
ced-4 locus gives rise to two isoforms, the products of which have antagonistic
effects: when overexpressed, CED-4L has anti-apoptotic effects, while CED-4S
promotes apoptosis (Yuan & Horvitz, 1992, Shaham & Horvitz, 1996b). However,
how exactly these two splice variants are involved in the ‘apoptosome’ is largely
unknown.
CED-4 possesses both an amino-terminal caspase recruitment domain (CARD)
(Hofmann et al., 1997), which allows binding of the CARD domain of CED-3, and a
nucleotide binding domain (NBD or P-loop). A domain responsible for binding to
7CED-9 has been shown to play an important role in sequestrating CED-4 in an
inactive complex on the mitochondrial membrane (Chen et al., 2000). Upon induction
of apoptosis in the C. elegans embryo, CED-4 translocates from mitochondria to the
perinuclear region independently of CED-3, to cell autonomously promote the death
fate. It does so by autoactivating CED-3 when, through its oligomerization brings
molecules of the latter into ‘close proximity’ (Chinnaiyan et al., 1997a, b, Yang et al.,
1998).
The CED-9/Bcl-2 orthologue
The ced-9 gene was originally defined by a gain-of-function allele that blocks
programmed cell death (Hengartner et al., 1992). cis dominant suppressors were then
isolated that led to an ectopic activation of programmed cell death in cells that
normally live, resulting in sterility and maternal effect lethality (Hengartner et al.,
1992).  The ced-9 gene product exhibits sequence and functional similarity to Bcl-2
(B cell lymphoma 2) (Hengartner & Horvitz, 1994), a mammalian proto-oncogene
originally discovered by a dominant gain-of-function mutation commonly found in
follicular lymphomas (Tsujimoto et al., 1984). Overexpression of both prevents or
slows down apoptosis in a large variety of cells fated to die (Hengartner & Horvitz,
1994).
CED-9 directly interacts with CED-4 (Chinnaiyan et al., 1997b; James et al., 1997;
Spector et al., 1997) likely through the conserved BH1, BH2 and BH3 domains (Bcl-
2 Homology domain). Both in mammalian cells (Wu et al., 1997) and in C. elegans
8(Chen et al., 2000) it localizes on the outer mitochondrial membrane where it
sequesters CED-4 in an inactive complex, thereby exerting its anti-apoptotic activity.
  The EGL-1/BH3-only domain protein
The egl-1 gene was originally defined by gain-of-function mutations that provoke
a dominant egg-laying defect due to the inappropriate death of the two functional
Hermaphrodite Specific Neurons (HSNs) (Ellis & Horvitz, 1986). A cis dominant
suppressor of egl-1(gf) egg-laying defect identified a loss-of-function mutation which
prevented most if not all developmentally regulated programmed cell deaths in
somatic cells (Conradt and Horvitz, 1998).
The C. elegans egl-1 gene encodes a small protein with molecular and functional
similarity to the ‘BH3-only’ subfamily of the Bcl-2-like proteins. A short region of 9
amino-acids is responsible for the physical interaction with CED-9 which, upon
binding, results in the displacement of CED-4 from the mitochondrial associated
complex, thereby allowing CED-4 to trigger cell death. Many cells control the
induction of programmed cell death by transcriptionally regulating egl-1 expression.
Depending on the cell type and the developmental stage, transcription factors
including CES-1, CES-2 (Ellis & Horvitz, 1991b) or TRA-1A (Conradt & Horvitz,
1999) can have a positive or negative effect.
91.2. Programmed cell death in the C. elegans germline
1.2.1. The C. elegans adult hermaphrodite germline
The gonad of the C. elegans adult hermaphrodite is a bilaterally symmetrical tube
with a distal-to-proximal polarity and with proximal ends that are joined to a common
uterus. It is composed of germ cell nuclei that are surrounded by incomplete
membranes and share a common syncytial cytoplasm via cytoplasmic bridges (Figure
2) (Schedl, 1997).
Cells in the distal arm undergo rounds of mitotic division, serving as a germline
stem cell population. The proliferative state is maintained by a distal tip cell (DTC)
that caps the distal portion of the gonad. As germ line nuclei progress proximally out
of the DTC influence, they enter meiosis in the transition zone and progress into the
pachytene stage of meiotic prophase I (Crittenden et al., 1994). Progression beyond
the pachytene stage of meiosis I requires activation of the MAP kinase signaling
pathway (Church et al., 1995) and occurs near the bend of the gonad arm. Upon exit
from this stage, they complete meiotic prophase, enlarge in size to form oocytes,
undergo the final stages of maturation and finish meiosis after fertilization through the
spermatheca.
1.2.2. Regulation of physiological programmed cell death
The reproductive system presents some of the best examples of programmed cell
death. An excess or non-viable germ and granulosa cells are eliminated early in
ontogeny during human ovarian function and development, and thereafter
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continuously throughout reproductive life (Morita & Tilly, 1999, Johnson &
Bridgham, 2002, Vaskivuo & Tapanainen, 2003).
Similarly, apoptosis is a hallmark of the C. elegans germline development, where
almost half of all potential oocytes die during meiotic maturation (Gumienny et al.,
1999). These deaths are stochastic in nature, in contrast to the reproducible pattern
seen in somatic tissues. In addition, cell death increases with the age of the animal.
This could either be due to accumulation of replicative errors in the mitotic nuclei
resulting in terminally damaged cells, or the steady state levels of death could reflect a
larger amount of existing cells.
Genetic requirements of physiological cell death
Germ cell death and developmental cell death share the same execution machinery:
strong loss-of-function mutations in either ced-3 or ced-4 dramatically decrease germ
cell death, and the ced-9 loss-of-function mutation similarly results in increased levels
of apoptosis (Gumienny et al., 1999). The main difference, however, lies in the
necessity for EGL-1 activity in the induction of apoptosis, namely egl-1(lf) mutants
show wild-type levels of physiological cell death. In addition, a ced-9(gf) mutation
that affects the CED-9/EGL-1 interaction has little effect on germ cell death. These
facts strongly imply the existence of additional molecular mechanisms, mainly BH3-
independent ones, to regulate the initiation and control the progression of
programmed cell death in the hermaphrodite germline (Figure 1).
Interestingly, triggering of germ line apoptosis relies on the Ras/MAPK kinase
pathway. Its role for the exit of germ cells form the pachytene stage is coupled to the
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induction of cell death. It appears to play a permissive role in the proper progression
of apoptosis, as activation of the pathway is necessary, but not sufficient, for the cells
to die. The ras/MAPK pathway might also directly regulate the cell death machinery
(Gumienny et al., 1999, Gibert et al., 1984).
One of the genes that was found to specifically influence programmed cell death in
the germline codes for a predicted RNA helicase. Knocking down expression of cgh-1
results in increased levels of death, making lack of cgh-1 function the first stimulus
identified that can trigger killing of all developing oocytes by the apoptotic
mechanism. If the protein controls the metabolism or translation of certain mRNA
molecules, this could be implicative of the mode of regulation of physiological cell
death.  In the same line of evidence, several gla genes (germ line apoptosis) have been
isolated by a former member of the Hengartner lab, that lead to increased apoptosis
when mutated (Milstein, PhD thesis, 2001). Some of them encode potential RNA
binding proteins and their study could possibly shed some light on the molecular
mechanisms controlling physiological germ apoptosis. It is possible, however, that the
activation of apoptosis is due to a non-specific mechanism.
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1.3. Engulfment of apoptotic cells in C. elegans
Engulfment is the biological process activated for the efficient elimination of cells
undergoing programmed cell death. Removal of apoptotic cells is crucial for the
shaping and remodeling of organs during development and for normal tissue
homeostasis. It is also important to prevent unwanted immune responses to self-
antigens derived from the dying cells.
With a diverse physiological importance, engulfment of apoptotic cells is a very
complex process. Genetic studies in C. elegans have led to a framework for this
process. Although the organism lacks professional phagocytic cells, it uses cells that
are immediately adjacent to the apoptotic cell to remove it, usually within less than an
hour of the onset of apoptosis.
1.3.1. The function of engulfing genes to mediate clearance of apoptotic corpses
The work with C. elegans revealed at least seven major genes, ced-1, -2, -5, -6, -7,
-10 and ced-12, that define two signal transduction pathways acting redundantly to
control engulfment (Ellis et al., 1991a, Gumienny & Hengartner, 2001, Wu et al.,
2001). In the respective mutants cells deaths occur normally, but many of the dying
cells fail to be engulfed and persist in the animal for several hours. Animals that
combine mutations in genes belonging to the two different pathways display an even
more severe engulfment defect.
The first pathway comprises CED-1/SREC/LRP, a candidate receptor that
probably recognizes an unknown ligand on the apoptotic cell and signals via its
cytoplasmic tail to the adaptor protein CED-6/GULP to mediate cytoskeleton
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remodeling. CED-7/ABCA1 is thought to play a role in membrane dynamics and is
required for proper CED-1 localization.  In the second pathway, CED-2/CrkII recruits
the CED-5/DOCK180::CED-12/ELMO complex to the membrane to achieve actin
rearrangement through CED-10/Rac (Kinchen & Hengartner, 2005). Recent genetic
studies carried out with a recently isolated ced-10 null allele have placed CED-10/Rac
to act genetically downstream of both pathways, to mediate corpse removal (Kinchen
et al., 2005). This evidence provides a functional link between the two engulfment
pathways and reveals that actin remodeling during activation of the CED-1 - CED-6 -
CED-7 pathway proceeds through signaling of CED-10.
Despite the considerable progress made in the field, there are still important
questions regarding the molecular mechanisms that control apoptotic cell corpse
engulfment and other factors involved in. For example, the major receptor that
activates the CED-2 - CED-5 - CED-12 pathway as well as the ligands on the surface
of the dying cell that activate each one of the engulfment pathways remain to be
discovered. Moreover, the molecules acting downstream of CED-6 are still obscure.
And, how activation of CED-6 provokes activation of CED-10, and the latter
subsequently leading to actin remodeling, are unclear issues.
Interestingly, all the C. elegans engulfment genes have orthologs in higher
vertebrates, suggesting that the mechanisms mediating cell corpse removal are
evolutionary conserved. Thus, continuation of studies in the worm might help us gain
significant insight into this fundamental aspect of metazoan biology.
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PART II
DEATH AND MORE: DNA DAMAGE RESPONSE PATHWAYS IN THE
NEMATODE C. ELEGANS
Cell Death and Differentiation
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Preface
To monitor genomic integrity in order to ensure the transmission of genetic
information with high fidelity, cells have evolved elaborate mechanisms, named
checkpoints. These are signal transduction pathways that enforce the orderly
execution of the cell cycle and arrest its progression upon the occurrence of
undesirable events. DNA damage in the form of irradiation, replication stress,
recombination unresolved structures, reactive oxygen species and helix distortion
events constitute such primary threats for the cells (Figure 3).
A number of additional responses are subsequently mounted by the cells that direct
DNA repair or apoptosis. These actions prevent the conversion of aberrant DNA
structures into inheritable mutations and compromise the survival of cells with
unrepairable damage. Cells harboring defects in checkpoint pathways respond to
DNA damage improperly, which in turn may enhance the rate of cancer development.
Genetic components of these pathways have been identified in yeast and humans.
Work from the past few years in C. elegans has also identified such key components
with largely conserved function and has contributed to our understanding of the
organism (Gartner et al., 2000, Ahmed et al., 2001, Derry et al., 2001, Schumacher et
al., 2001, Hofmann et al., 2002). As reviewed in the following paper and as discussed
in the subsequent chapters of this dissertation, a nice working model on the DNA
damage signaling networks is beginning to emerge.
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CHAPTER 2
CAENORHABDITIS ELEGANS HUS-1 IS A DNA DAMAGE CHECKPOINT
PROTEIN REQUIRED FOR GENOME STABILITY
AND EGL-1-MEDIATED APOPTOSIS
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Preface
Mammalian cells exhibit complex, but intricate cellular responses to genotoxic
stress, including cell cycle checkpoints, DNA repair and apoptosis. These processes
act in a concerted fashion and remain functionally linked through mechanisms not
completely understood. Inactivation of these important biological events may result in
genomic instability and cell transformation, as well as alterations of therapeutic
sensitivity.
Although having been proven very useful for the identification of checkpoint
mutants (Murakami and Nurse, 2000), the two yeasts, S. cerevisiae and S. pombe, lack
an apoptotic program. The availability of C. elegans as a model organism, on the
other hand, has greatly increased our understanding of the genetic control of cell
death. The existence of DNA damage responses and the preliminary genetic
characterization of the ionizing radiation-induced responses first became known in the
year 2000 (Gartner et al., 2000). These, together with the limitation of the mouse
model for easy genetic manipulations and conditional or viable knock-outs render the
worm a very promising system to delineate the multiple interconnected cellular
pathways.
Randy Hofmann, a former post doc in the Hengartner lab, initiated studies on
hus-1, by mapping and cloning the op241 allele and identifying the gene as the
homolog of the S. pombe gene hus1+. In an independent reverse genetic screen for
deletions in C. elegans of known checkpoint genes, the op244 allele of the same gene
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was recovered. In the paper presented in this chapter, we demonstrate that the C.
elegans hus-1 is required for DNA damage-induced apoptosis, in an EGL-1-mediated
fashion.  At the beginning of my career as a graduate student in the Hengartner lab, I
was engaged into this project, where my task was to show the transcriptional
requirements for the initiation of cell death upon ionizing radiation. Following the
paper presented below is my contribution, as well as additional experiments I had
performed to reach the theory we support.
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2.1. Transcriptional regulation of BH3-only domain proteins
2.1.1. Ionizing radiation induces egl-1 transcript upregulation in a hus-1- and
cep-1-dependent manner (Figure 6B)
The BH3-only domain protein, EGL-1, is required for apoptosis during somatic
development and is transcriptionally regulated in order to activate the apoptotic
machinery (Conradt and Horvitz, 1999). Already in Figure 6A, the observation that
egl-1 transcripts are increased upon ionizing radiation and during time, prompted us
to look for the genetic requirements for this induction. For this reason I established
the real-time quantitative RT-PCR method to measure precisely this alteration in egl-1
mRNA levels in certain genetic backgrounds. Confirming the Northern result, in the
hus-1(op244) mutants egl-1 induction is compromised. In the cep-1(w40) mutants,
there are still some transcripts detectable upon DNA damage, compared to the cep-
1(gk138) where this response is completely abrogated. This is consistent with the
presence of a wild-type copy of cep-1 in the former background, whereas the latter is
a null. To validate the Q-RT-PCR data, I repeated the Northern analysis (Figure 1).
To our surprise, in the cep-1(w40) mutant, the signal was much stronger, but this is
probably due to a saturation effect and a limitation of the technique.
To make sure that the transcriptional up-regulation is restricted to the germline
tissue where apoptosis is also observed, I used the glp-4(bn2) mutants. The animals
lack a germline, and the comparison between the soma and the germline was feasible.
Indeed, the induction we observed in the wild-type was totally abolished. This finding
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is also in agreement with the lack of radiation-induced apoptosis in young adult
animals, in any other tissue but the germline (Gartner et al., 2000).
2.1.2. egl-1 is regulated at the transcriptional and not the post-transcriptional
level upon ionizing radiation
The question then arose of whether the increase in the mRNA levels is actually due
to a transcriptional induction or occurs at the post-transcriptional level. To test this
possibility I used the ama-1(m118) mutants, which carry a mutation in the large
subunit of RNA polymerase II,  required for mRNA transcription. The m118 mutation
confers resistance to the toxin α-amanitin, whereas in wild-type worms the activity of
the protein is inhibited by half at a toxin concentration of 0.007 µg/mL (Table 1)
(Rogalski et al., 1988, Sanford et al., 1983, Bullerjahn and Riddle, 1988). The change
in the mRNA levels of egl-1 upon ionizing radiation was measured then in wild-type
worms in the presence or absence of α-amanitin. The gene failed to be induced when
the worms were fed with the toxin prior to treatment with X-rays, showing to us that
transcription could be blocked efficiently upon stress. Moreover, the ama-1(m118)
mutants, which can grow and reproduce in concentrations of α-amanitin that arrest
development of wild type animals, did not show a significant decrease in the presence
of the toxin (6.1-fold compared to 1.6-fold, Table 2), although the response seemed to
be much weaker in the first place (6.1-fold compared to 61-fold, Table 2).
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2.1.3. Transcriptional regulation of egl-1  and ced-13 occurs also during
development
Already at the beginning of my thesis I was really astonished by the fine regulation
of the phenomenon of apoptosis in the nematode, and its spatial restriction in the
germline tissue in response to an external stimulus like ionizing radiation.  I wanted,
therefore, to test if there is an effect at the molecular level in the soma. I quantified
the initial and the final (upon application of X-rays) transcript levels of both egl-1 and
ced-13, the two so far known BH3-only proteins, at all developmental stages. As
Figure 2 shows, both genes are already expressed in the embryos, with ced-13 being
quite abundant. This is consistent, first, with the established role of egl-1 in mediating
all the somatic cell deaths (Conradt and Horvitz, 1998), and second with the recent
finding that overexpression of ced-13 in the embryos induces cell death in a ced-3,
ced-4 and ced-9-dependent manner (Schumacher et al., 2005). Both the genes are then
silenced during the L1 and L2L3 larval stages and transcripts begin to appear again at
the L4 and young adult stages, supporting their role in the subsequent death decision
upon DNA damage. The unexpected finding, though, that ionizing radiation results in
an increase at their transcripts in animals that do not have a fully developed germline,
yet, raises the question as to where this is attributed to. Could there be an effect in the
soma that never reaches, though, the final output of the execution fate, meaning the
apoptotic event itself?
Indeed, we are very much interested in clarifying this and additional observations
that we made the following years, as to the involvement of the soma in the DNA
damage responses (see future directions, Chapter 8) . For this we are in an ongoing
collaboration with Prof. Koo HS from the Yonsei University in Seoul.
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CHAPTER 3
FUNCTIONAL GENOMICS ANALYSIS TO STUDY DNA DAMAGE
TRANSCRIPTIONAL RESPONSES UPON IONIZING RADIATION IN
CAENORHABDITIS ELEGANS
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Preface
Eukaryotic cells mount a robust and complex response to DNA damage, that
translates into arrest of the cell cycle, initiation of repair pathways and culminates in
cell death in case of non-repairable damage. Nowadays, we are witnessing an
accumulative amount of data regarding these events and an explosive scientific
interest.
Because DNA damage responsive networks embrace groups of highly connected
genes and proteins and because multiple interconnected cellular pathways respond to
damage, we decided to undertake a genome-wide approach and study these
phenomena.
The DNA microarray technology has a great deal of potential, due to the fact that
there are a number of features advantageous to its use. The biggest advantage
concerns the ability to study the behavior of many genes simultaneously, enabling the
comprehensive molecular “profiling” of different organisms.
I utilized cDNA microarrays to develop the gene expression profile for ionizing
radiation-exposed wild-type animals and animals treated with the mutagenic agent
ENU. In order to relate the changes in the expression profiles to the underlying
biological processes, I also used two different genetic backgrounds. Namely, the hus-
1(op244) and the cep-1(gk138) mutants were also exposed to ionizing radiation and
subsequently monitored for a change in the transcriptional profile. I was hoping to
find genes that are related to the recognition of DNA damage, to a halt in cell cycle
progression and to the activation of the apoptotic process. By differential analysis, I
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could be able to identify genes that depend on the two players of the ionizing
radiation pathway mentioned above, for their induction.
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3.1. Experimental set-up of the microarray analysis
3.1.1. The strategy of the microarray experiment and the Affymetrix GeneChip
technology
As every researcher embarking on a microarray project, I had to concisely
document all the stages of the experiment. A simple technical definition for a
microarray experiment refers to “a set of one or more hybridizations, each of which
relates one or more samples to one or more arrays”. Figure 1 shows the pipeline of the
experiment, starting from the experimental design that was made to elucidate the
questions I wanted to answer (discussed later, Table 1). To succeed my goal, Prof.
Michael Hengartner initiated a collaboration with the pharmaceutical company
Hoffmann-La Roche in Basel, and the laboratory of Prof. Patrick Nef.
The technology that was already established in this lab was the Affymetrix
GeneChip technology. A brief description of the basic principles, accompanied by a
schematic representation of the chip design is shown in Figure 2. The Affymetrix
GeneChip technology is a high-density probe array where DNA targets in the form of
oligonucleotide probes are chemically synthesized on a solid phase with the use of
photolithographic techniques. The whole C. elegans genome (18683 predicted genes)
is mounted on two chips (Figure 2A). The oligonucleotide probe is designed such that
the sequence information comes from the 3’ end of the mRNA (Figure 2B). Each
gene on the array is represented by 14 cells or features, which are clusters of 10000
identical sequences (Figure 2C). On the upper row, the probes match perfectly the
mRNA from which they were designed (called matched probes). On the lower row,
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the probes have the same sequence except that there is a single mismatch in the
middle to ascertain the degree of cross hybridization. After hybridization takes place,
both signals are detected by a laser scanner (Figure 1). When the upper signal is
stronger than the lower, the software, which further does the analysis, calculates the
difference for each pair and then takes the average signal intensity. To reach
meaningful biological conclusions, one needs to perform multiple experiments,
including replicates and compare these with each other (Figure 1). Therefore, the
previous calculation is done three times for the three independent samples per
experimental condition to obtain the mean hybridization intensity (Figure 2C).
3.1.2. Sample preparation for the hybridization onto the chips
The chemistry that was applied to prepare the probe to be hybridized onto the chips
is summarized in the schematic graph of Figure 3. The labeling procedure begins with
the synthesis of cDNA from the mRNA molecules by means of an oligo (dT) primer
linked to an RNA polymerase promoter region. Antisense RNA is then transcribed
from the cDNA by T7 RNA polymerase, which also incorporates a DIG modified
nucleotide (dUTP-DIG). Extraneous mRNA is then removed from the mixture. After
purification, the DIG-labeled cDNA is ready for hybridization to the microarray,
where a signal, based on the degree of the gene expression in the initial sample, will
be generated.
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3.1.3. Normalization of the results of the Affymetrix GeneChip technology
In microarray experiments there are many sources of systematic variation, which
affect the measured gene expression levels. Normalization is the term used to describe
the process of removing such variation.
Most methods of normalization make the assumption that the average (geometric
mean) ratio is 1, or the average  (arithmetic mean) log ratio is zero. Namely, that the
average gene does not change its expression under the condition being studied.
Typically, a normalization method has two components.  First, a set of elements on
the microarray is selected, and second, that set of elements is used to calculate either a
normalization value, or normalization function, which is then be applied to all of, or a
subset of, the raw data.
From the few possible methods for element selection, we (in the laboratories of
Roche) chose the so-called ‘control elements’. Certain elements on the array exist
specifically for normalization purposes, and transcripts that will hybridize to them are
spiked into the labeling mix at known concentration. The method of choice to
calculate a normalization factor or function was the ‘intensity-dependent
normalization’. A function is generated using the selected elements that is intensity-
dependent. This function is then applied to the data.
3.1.4. Independence and reproducibility of the microarray experiment
The issue of reproducibility across microarray platforms is an important one for the
robust analysis of the results obtained. To assess data quality and reliability, therefore,
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one needs information arising from repetitions of the experiment. In these
experiments we proceeded with biological repeats, which is actually the source of the
greatest noise in most of the cases.
Comparing two of the “wild-type” arrays generated the scatter plot shown in
Figure 4. The correlation coefficient (r) of the log2 values of the normalized
hybridization signal intensity was calculated in a pair-wise fashion, using all the
genes. Each data point corresponds to the compiled normalized weighted average of
the spot on a single microarray that corresponds to one gene. The red lines demarcate
threshold values (change factors 1 and 4) that were set up by me to control the
differences in gene expression relative to the inner black line. Generally, the
microarrays should give highly reproducible results with typically very few genes
showing greater than 2-fold differences between different measurements (change
factor 1). In this comparison, the number of genes with a change factor of more than 1
and less than –1 was 1642, a 8.8% of the total number. The number of genes with a
change factor of more than 4 and less than –4 was only 56, that is, 0.3% of the total
genes regulated. I kept the genes that showed values bigger than a “cut off” value of
10 (to eliminate undesirable signals), and at the same time the genes that lied between
the two inner red lines. After all these checkpoints, I ended up with 93% of the genes
from the two wild-type replicates, having a very similar signal intensity. The same
analysis was performed for every biological replicate in a pair-wise fashion. I
obtained a strong positive correlation for all the cases, indicating a high degree of
reproducibility for my results.
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3.2. Data processing of the microarray analysis
3.2.1. Visualization of the differential gene expression
A high degree of data reproducibility allowed me to make further comparisons
between the datasets. It might also facilitate in the future comparisons between
specific data sets within any database, obtained by a totally independent scientific
experiment.
In the scatter plot shown in Figure 5, I tried to correlate the results from a “wild-
type” and a “wild-type/IR” array. Similar to the already described process, the
correlation coefficient (r) of the log2 values of the signal intensity was calculated in a
pair-wise fashion. Each data point corresponds to the compiled normalized weighted
average of the spot on a single microarray that corresponds to one gene. The red lines
demarcate threshold values (change factors 1 and 4) that were set up by me to monitor
the differences in gene expression relative to the inner black line, which represents no
change at all. Spots that are spread beyond the two inner red lines, representing a 2-
fold induction or repression in the gene expression levels, were kept as significant
changes. Again the “cut off” value was set at 10, to eliminate undesirable signals. The
total number of genes found to be regulated under these conditions was 565.
Representing data this way makes it easy to view results and immediately detect
genes that display an interesting change in their expression upon any treatment.
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3.2.2. Gene expression profiling in C. elegans upon treatment with ionizing
radiation and ENU
In the microarray study that I performed, I anticipated to detect large-scale changes
in gene expression after ionizing radiation and application of damage with the
alkylating agent ENU. As briefly mentioned in paragraph 3.1.1, the experimental
design was done in a way such that I am able to identify downstream targets and
effectors of defined genes that have been clearly implicated in DNA damage
responses. These are the checkpoint gene, hus-1, and the p53 homolog, cep-1.
Additionally, I expected to discover new ways of regulation of the DNA damage
signal, via potentially new pathways. Table 1 shows the overall output of the
microarray experiments. The conditions I analyzed with regard to the genotypes used
and the conditions I compared, are all described. The number of genes found to be
regulated (up- or down-) under each condition tested is also included.
Of attention is the list with the 49 genes that showed no change between hus-1
mutants and wild-type animals, and no change even after irradiation was applied on
the mutants. These genes I conferred are dependent on hus-1 for induction, and are
therefore referred to as the “HUS-1-dependent set”. A similar list with 178 genes was
generated, with the ones that showed no change between the cep-1 mutants and the
wild-type animals, or after irradiation of the mutants. These genes I concluded to be
dependent on cep-1 for induction, and are therefore referred to as the “CEP-1-
dependent set”. A long list of genes regulated up- and down- was generated upon
ENU treatment of the wild-type, some of them being in common with the “IR
responsive set”.
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The whole experimental output in the form of lists, where the precise change factor
[log2(fold-change in mRNA)] for each condition tested is written, can be viewed in
the Tables 2-7. The lists contain also a short description of the gene to be affected, as
it is annotated in WormBase.
3.2.3. Validation of the microarray results using real-time Q-RT-PCR
One of the most important steps before proceeding with the analysis of the
microarray experiments is to find a way to validate the results. Verification methods
insure that one has received the correct molecular information from the microarrays,
since both the technical and biological treatments can affect the measured expression.
I applied quantitative real-time RT-PCR as the method of validation. A number of
genes from the “IR” and the “ENU” experimental set were picked randomly to test for
a change in their mRNA levels. In Table 8, the results are expressed as fold-change
and the microarray values are shown for comparison. Values that would fall into a
reasonable range defined arbitrarily were kept as a positive result. Moreover, the same
tendency in one genetic background (wild-type) and lack of such a trend in a mutant
background (hus-1 or cep-1) was regarded as a reliable result. Among the 26 genes
tested, 19 were confirmed in this way. Although this is only a small fraction
represented by this method, it is considered indicative of the power of the microarray
technique.
Overall, the real-time RT-PCR confirmed the majority of the microarray results
(87%), giving a physiological relevance of the transcriptional responses measured to
the biological phenomenon we are studying.
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3.2.4. Hierarchical clustering analysis
It is particularly advantageous to visualize overall similarities and differences in
the expression patterns observed in a microarray experiment. By this means, one
could find interesting internal structures or relationships in a given data set.
Hierarchical clustering is a commonly used technique in genomic data analysis that
enables this.
A general definition of clustering is the segmentation in a collection of objects into
subsets or ‘clusters’, such that those within each cluster are more closely related to
one another than objects assigned to different clusters. Hierarchical clustering may be
represented by a two-dimensional diagram known as dendrogram, which illustrates
the fusions or divisions made at each successive stage of the analysis.
After having obtained the expression of individual genes in a numerical form, I
used the hierarchical clustering method to group genes in relatively homogenous
clusters, representing a similar expression profile. For this reason, I applied the
Cluster and Treeview software.
Figure 6 displays the results for the “HUS-1-dependent set”, containing 49 genes,
as a dendrogram and in color mosaic pattern. The color scale shows the trend and
levels of expression, whereas the column headings refer to the conditions analyzed
(see table under the figure). The genes are arranged in a continuum profile, which is
subdivided into two major expression clusters. As an example, genes in the lower
cluster do not only remain unchanged (as in the upper cluster, black color) but are
actually repressed upon ionizing radiation in the absence of the HUS-1 protein.
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In Figure 7 the results for the “CEP-1-dependent set”, containing 178 genes, are
depicted. Similarly, with the green color the down-regulated genes are shown, with
red the induced ones, whereas black means no change. This profile is subdivided into
four major expression clusters. Highlighted is part of the third cluster. The last two
clusters are the ‘signature’ of the response to irradiation, which are actually the genes
that remain unchanged in the absence of CEP-1. Another example is the upper most
cluster, which is characterized by a consistent and strong repression upon irradiation
in the wild-type and at the same time no change in expression in the cep-1
background.
3.3. Functional classification of the identified genes
3.3.1. Distribution of the “IR” and the “ENU” experimental set into functional
classes
The microarray experiment I performed was designed in such a way that it could
profile gene expression patterns in C. elegans upon DNA damage and identify genes
that are particularly affected by genotoxic stress. To identify cellular functions that
might be critical for proper DNA damage responses, I tried to determine whether
certain classes of genes would be represented in the total output.
In Figure 8, I used the total number of genes that were found to be regulated (up-
or down-) upon ionizing radiation in all the different genetic backgrounds tested
(wild-type, hus-1 and cep-1 mutants) to generate a pie chart. The gene annotations
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were derived from WormBase and were used to manually place the genes into
functional classes. The numbers of genes in each class are shown.
Among the genes that belong to an obvious class, genes encoding protein kinases
were the most abundant ones, representing a 27.5%. Both serine/threonine and
tyrosine kinases are included and the vast majority is predicted to be cytoplasmic
kinases rather than receptor kinases. Likewise, both serine/threonine and tyrosine
protein phosphatases were present, constituting 16.2% of the non-metabolic genes.
Because the DNA damage responsive pathways are known to be activated
phosphorylation cascades, these results confirm the involvement of such protein
equivalents in the response and strongly imply the identification of potentially novel
genes. Neither ATM nor ATR, the initiators of the mammalian DNA damage
signaling network (discussed in detail in chapter 5), nor the immediate downstream
targets of theirs, checkpoint kinases Chk1 and Chk2, were members of the kinase
group. This is not surprising, though, since there is no real evidence for transcriptional
regulation, as a mode for their activation. It has been clear that activation is restricted
to the post-translational level, either via interaction with DNA or with repair
complexes (Shiloh, 2003, Lee & Paull, 2005, Cortez et al., 2001, Ng et al., 2004,
Falck et al., 2001, Liu et l., 2000, Tanaka et al., 2001). The same holds true for the
mitogen-activated kinases (MAPKs), which, upon activation by various sources of
genotoxic stress, transduce the signals to the nucleus (Yang et al., 2003).
The “IR” cluster was particularly enriched in ribosomal proteins (18%), either
subunits of the 40S or the 60S complex, or proteins that have to do with ribosomal
biogenesis. Being the final step in the flow of the genetic information, translation and
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the regulation at this level allows an immediate, rapid and reversible response to
changes in physiological conditions. Especially during conditions of cellular stress,
this type of regulation is quite advantageous. Under such circumstances, global
translation is reduced, both to preserve energy and to prevent the synthesis of
unnecessary proteins. Confirming this notion, the majority of the gene products of the
ribosomal genes identified are part of the ribosomal assembly complex and found to
be down-regulated. Notably, though, the stress-induced attenuation of global
translation is often accompanied by translation of a selective set of proteins that are
required either for cell survival or for cell demise under stress (Harding et al., 2000,
Holcik et al., 2000, Holcik and Sonenberg, 2005). Indeed, in the “IR-responsive” set,
a small number of ribosomal-related genes were found to be up-regulated, but the
protein function is not linked to any known or characterized proteins. At the moment,
though, it is not possible to explain how specific the transcriptional regulation of these
proteins after treatment with ionizing radiation is to the stress response.
A small fraction from the non-metabolic class of genes included proteins linked to
the cell cycle progression control. The transition from one cell cycle phase to another
occurs in an orderly fashion and is regulated by different cellular proteins. Key
regulatory proteins are the cyclin-dependent kinases (CDK), a family of
serine/threonine protein kinases that are activated at specific points of the cell cycle
and whose protein levels remain stable during the cell cycle. In contrast, cyclins, their
activating proteins, contain sequences required for efficient ubiquitin-mediated
proteolysis at the end of a cell cycle phase (Cyclins A and B contain a destruction
box, cyclins D and E contain a PEST motif). In this study, two G2 specific cyclins,
one not previously characterized in C. elegans and the other cyb-3, were identified.
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Components of the multiple protein complex that includes the SCF ubiquitin ligase
were represented more than once. The worm homolog genes, which are called skr-4
and skr-5, are, though, uncharacterized. In yeast such complexes have been found to
ubiquitinate proteins during the G1/S transition, leading them to degradation
(Connelly and Hieter, 1996, Zachariae and Nasmyth, 1999).
Moreover, the gene coding for a DNA-binding cell cycle division control protein,
mat-1, belongs to this group. The yeast homolog is a subunit of the Anaphase-
Promoting Complex/Cyclosome (APC/C), a ubiquitin-protein ligase required for
degradation of anaphase inhibitors, including mitotic cyclins, during the
metaphase/anaphase transition (Tugendreich, 1995, Zachariae and Nasmyth, 1999).
The equivalent gene in humans is p27Kip1, known for its implication in various
human cancers (Nho and Sheaff, 2003, Coqueret, 2003). Indeed, a group of cell cycle
inhibitory proteins, called CDK inhibitors, can counteract CDK activity. In mammals,
the Cip/Kip family (p21 (Waf1, Cip1), p27, p57) inactivates G1/CDK complexes and
to a lesser extent CDK1-cyclin B complexes. Interestingly, the expression of p21 is
under transcriptional control of the p53 tumor suppressor gene (el Deiry et al., 1993).
The INK4 family (including p15, p16, p18, p19) specifically inactivates G1/CDK(4,6)
complexes.
The nature of the cell cycle proteins that were found to be regulated upon ionizing
radiation, in all the genetic backgrounds examined, implies a possible mode of
regulation of the cell cycle arrest response in C. elegans. Since there is no information
available as to how the cell cycle is ceased in worms, a more careful approach of this
study might shed light into these events.
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A similar analysis was performed, where I used all the genes that were found to be
regulated (up- or down-) upon ENU treatment in the wild-type. The gene annotations
were derived from WormBase and were used to manually place the genes into
functional classes. Figure 9 shows the pie chart that was generated that way, with the
numbers of genes in each class shown.
Genes coding for protein kinases, both serine/threonine and tyrosine, were again
the most abundant ones, representing a 30.6% of the non-metabolic genes. Likewise,
serine/threonine and tyrosine protein phosphatases were present at a 16%.
The “ENU” cluster was similarly overrepresented by ribosomal proteins (25.1%),
both subunits of the 40S or the 60S complex, and proteins that are related to
ribosomal biogenesis.
Genes that are related to the cell cycle progression control were also identified.
The biggest portion was G2 mitotic specific cyclins, with cyb-3 and cyb-1 among
them. The phosphatase cdc-25.3, a member of the cell division cycle 25 (CDC25)
family of cell cycle regulators that includes S. pombe CDC25 and Drosophila string,
and one of four cdc-25 genes in C. elegans, appeared in this subgroup. Cell cycle
arrest in the G2 phase, for example, is known to be initiated both in the presence and
absence of p53, via inhibition of Cdc25 and activation of p21, as already presented in
Chapter 1.
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Moreover, a fair number of repair genes were recognized, in both the “IR” and
“ENU” clusters (10.8% and 5.9% of the non-metabolic clustered genes, respectively).
These either belong to the double strand break repair or the nucleotide excision repair
machinery. Representatives of the former ones in the “IR” group, are the
recombinational repair gene rad-54 (see Chapter 5 for a detailed analysis) and the
yeast Rad18 homolog, a protein involved in structural maintenance of chromosomes
and required for interchromosomal and sister chromatid recombination (Lehmann et
al., 1995). The mre-11 gene, the human homolog of which is part of a complex
subunit with Rad50 and Nbs1 (MRN complex) which functions in repair of DNA
double-strand breaks and in telomere stability, was part of the “ENU” group (Chin
and Villeneuve, 2001). The homolog of the human XPF gene, a single-stranded DNA
endonuclease that cleaves single-stranded DNA during nucleotide excision repair and
double-strand break repair, as well as the yeast gene Rad16, the product of which
recognizes and binds damaged DNA in an ATP-dependent manner (with Rad7)
during nucleotide excision repair (Reed et al., 1998) were identified to be regulated
upon ionizing radiation. On the other hand, the homolog of the XPG human gene, a
single-stranded DNA endonuclease that cleaves single-stranded DNA during
nucleotide excision repair appeared to be regulated upon ENU treatment (de Laat,
1999). Rad23, a subunit of the nucleotide excision repair factor 2 in yeast belonged
into the same group (Prakash and Prakash, 2000, Jansen et al., 1998).
The fact that members of both major repair pathways appeared in this analysis is
quite expected and consistent with the types of lesions that need to be repaired upon
application of either X-rays or ENU. As a general statement, though, repair genes
were rather down-regulated, at least under the conditions I chose to perform the
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experiment (time-points and doses selected). The important issue is the nature of the
genes whose transcriptional levels were altered upon DNA damage.
Several helicases were recognized as being members of both clusters. The action
of DNA helicases is required in fundamental cellular processes such as DNA
replication, repair, recombination, and transcription. From the known crystal
structures it appears that the enzymatic machinery of DNA helicases has been highly
conserved, although their functions can be distinguished by co-factor utilization,
substrate preference, directionality of unwinding, processivity, and interaction with
other proteins (Villani and Le Gac, 2000). In C. elegans only three of those have been
characterized to a certain extent. The Bloom's syndrome RecQ helicase homolog,
him-6, gives rise to an enhanced irradiation sensitivity phenotype, a partially defective
S-phase checkpoint and reduced levels of DNA-damage induced apoptosis, when
mutated (Wicky et al., 2004). The Werner syndrome protein homolog, wrn-1, was
shown to act as a checkpoint protein for DNA damage and replication blockage (Lee
et al., 2004). Mutant animals for the RecQ5 homolog, rcq-5, are significantly more
sensitive to ionizing radiation, implying a possible involvement for the protein in
DNA repair (Jeong et al., 2003). Because DNA helicases are among the first proteins
that would encounter DNA damage during these processes, a complete understanding
of their interaction with lesions is crucial.
Minority in this subgroup were RNA helicases, members of the DExD/H-box
family, shown in other organisms to be involved in many processes and complexes
within the cell. While individual members have been studied extensively, the
mechanisms through which they affect multiprotein complexes are just beginning to
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be investigated (Silverman et al., 2003). Our knowledge in C. elegans about their
modulation and action is very poor.
Interestingly, under treatment with both sources of genotoxic stress, the worm
homolog of the BRCA1 tumor suppressor gene was identified. It was shown recently
that mutant brc-1 animals display abnormalities, such as elevated levels of p53-
dependent germ cell death before and after irradiation, and impaired progeny survival
and chromosome fragmentation after irradiation (Boulton et al., 2004).
Last but not least, an important class of genes that is the main interest of both my
project and the area of focus of other members of the lab, is the pro-apoptotic or pro-
survival genes. The two already characterized and known to be transcriptionally
regulated upon DNA damage pro-apoptotic factors, egl-1 and ced-13, failed to be
recognized since there was no sequence tethered for them on the chip. ced-9, the only
C. elegans homolog of Bcl-2, major inhibitor of developmental and radiation-induced
cell deaths (Hengartner et al., 1992, Gartner et al., 2000) was found to be down-
regulated upon ENU treatment.
The recently identified (Schumacher et al., 2005), sole suppressor of the C.
elegans p53, gld-1, is similarly repressed. The same way that study had shown that
the regulation of cep-1 translation influences DNA damage-induced apoptosis, this
study reveals the potent need for repression of negative regulation on cep-1, for the
proper induction of cell death.
A gene with inhibitor of apoptosis domains, member of the baculoviral inhibitor-
of-apoptosis (IAP) repeat (BIR) proteins (BIRPs) family, bir-1, appeared to be also
down-regulated. The protein has only been shown to be part of the Aurora B kinase
complex in C. elegans, a critical regulator of chromosome segregation and
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cytokinesis, required for AIR-2 (Aurora B) localization (Romano et al., 2003). No
direct function in apoptosis, though, has been established for the protein yet (Fraser et
al., 1999).
Among the repressed genes, this study also identified mac-1 whose product has
been found to be a CED-4 interactor, member of the AAA ATPases (Wu et al., 1999).
The protein was shown to form a multi-protein complex that also includes CED-3 or
CED-9 and in mammalian cells, it could prevent initiation of death by CED-4 and
CED-3. The way the last two described genes might regulate cell death upon DNA
damage is unclear at the moment, but it might be worth of investigation.
Finally, the only known death related gene that I could recognize down-regulated
in the list of “IR” genes was nuc-1. This is the DNase II homolog in worms which
functions in an intermediate step of apoptotic DNA degradation, after the killing step
and prior to engulfment (Wu et al., 2000). At the same time it is required for the
degradation of dietary DNA. In an independent forward genetic screen performed by
Dr A. Gartner, with subsequent mapping by Kimon Doukoumetzidis in our lab, nuc-1
was identified as a gene that results in increased apoptosis, when mutated. Ongoing
studies by the latter have revealed a possible role in DNA damage responses
(Doukoumetzidis K., unpublished data). Interestingly, several crn genes (cell death-
related nucleases) have human homologs that are important for RNA processing,
protein folding, DNA replication, and DNA damage repair (Parrish and Xue, 2003).
80
3.3.2. Differential distribution of the “IR” gene set into the different genetic
backgrounds – functional groups
The rationale of using the two mutant backgrounds in this microarray analysis was,
as already mentioned, to recover genes that depend on HUS-1 and CEP-1 for their
transcriptional induction. For the first case, these sets of genes are listed in Table 4
where, genes that are up-regulated in the wild-type in response to ionizing radiation,
but do not show any change in the hus-1(op244) background, were selected to be
presented.
The linearity of the IR-pathway, though, with cep-1 acting downstream of hus-1,
made it reasonable to search for genes that require only HUS-1 or both proteins to
become transcriptionally activated. In Table 9, the 21 genes that I manually recovered
and found to belong to the former category are indicated. The predicted gene function
was obtained from WormBase and the NCBI Blast tool. To receive information about
germline expression, the tissue I study and mostly see the DNA damage responses, I
looked into reported microarray experiments (Kim S. lab, Stanford Microarray
Database) and RNA in situ hybridization data (Kohara group). For 12 out of the 14
genes for which information exists in either database, there was expression of the
transcript in the germline. Considering, at the period when I did the analysis, that
some of these genes could be important to further study I started looking for mutants.
Some were already available in the C. elegans Gene Knockout Consortium (CGC),
some others I requested to be generated. The alleles that are up to this moment
available are shown in the third column of the table. For two of these mutants I am
presenting additional information in the paragraphs to follow.
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  Following this analysis, I chose to select for the genes from each experimental set
(wild-type, hus-1(op244), cep-1(gk138)) that were up-regulated in wild-type or
remain unchanged in the mutants after IR. With those I designed a Venn Diagram, as
a way to compare the gene sets and identify common members, illustrated in Figure
10. The number of genes that fall into each category are indicated in the circles. The
overlap between any two circles shows the common individuals between these two
sets. The intersection among the three sections of the diagram (the dark red area)
represents the 28 genes whose transcriptional induction is dependent on both HUS-1
and CEP-1.
Table 10 summarizes the above genes with the predicted gene function obtained
from WormBase and the NCBI Blast tool. Information about germline expression was
again retrieved from reported microarray experiments (Kim S. lab, Stanford
Microarray Database) and RNA in situ hybridization data (Kohara group). For 16 out
of the 18 genes for which information exists in either database, there was expression
of the transcript in the germline. As mentioned earlier, I looked for available mutants
or requested their generation from the CGC.
To visualize which functional classes are represented by the “HUS-1/CEP-1
common set”, I generated I pie chart (Figure 11). Gene annotations were derived from
WormBase and were used to manually place these genes into functional groups. The
number of genes in each group is shown. The distribution of these 28 potential
downstream effectors of HUS-1 and CEP-1 is quite divergent. It ranges from proteins
involved in the translational / transcriptional process (activators or repressors or
ribosome-related proteins) and signaling molecules, to enzymatic molecules (methyl-
and acetyl-transferases) and proteins involved in the degradation process by the
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proteasome. Various other classes concern mitochondrial and structural proteins, as
well as transporters or ion channels.
3.3.3. Descriptive analysis and preliminary characterization of some “IR”-
responsive genes
Below follows a short description of some of the genes I was able to find
information about in the literature, either after having been characterized in C.
elegans or another model organism, such as the yeasts or mouse, or after having been
described in humans. I present this information for each gene separately and I also
show a basic analysis I performed for some of these genes :
C36B7.6
The gene codes for cleft lip and palate transmembrane protein 1 (CLPTM1).
Several eukaryotic sequences comprise a family. Cleft lip, with or without cleft
palate, is a common birth defect that is genetically complex. The nonsyndromic forms
have been studied genetically using linkage and candidate-gene association studies
with only partial success in defining the loci responsible for orofacial clefting.
CLPTM1 encodes a transmembrane protein and has strong homology to two C.
elegans genes, suggesting that CLPTM1 may belong to a new gene family. This
family also contains the human cisplatin resistance related protein CRR9p, which is
associated with cisplatin-induced apoptosis. The connection of this protein with the
response to ionizing radiation is at the moment elusive.
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F29B9.1
The gene encodes a methyltransferase with a SAM binding motif. Transfer of the
methyl group from the ubiquitous S-adenosyl-L-methionine (AdoMet) to either
nitrogen, oxygen or carbon atoms is frequently employed in diverse organisms
ranging from bacteria to plants and mammals. The reaction is catalyzed by
methyltransferases and modifies DNA, RNA, proteins and small molecules, such as
catechol for regulatory purposes. The various aspects of the role of DNA methylation
in a number of cellular processes in eukaryotes, including gene regulation and
differentiation, is well documented (Jeltsch, 2002).
F54D10.7
This is the C. elegans homolog of the SMC4 yeast gene. The evolutionarily-
conserved eukaryotic SMC (structural maintenance of chromosomes) proteins are
ubiquitous chromosomal components in prokaryotes and eukaryotes. The eukaryotic
SMC proteins form two kind of heterodimers: the SMC1/SMC3 and the SMC2/SMC4
types, that constitute an essential part of higher order complexes involved in
chromatin and DNA dynamics. The two most prominent and best-characterized
complexes are cohesin and condensin. The Smc4 protein is a subunit of the condensin
complex which, together with its Smc2p partner that has ATP-hydrolyzing and DNA-
binding activity, reorganizes chromosomes during cell division (Strunnikov and
Jessberger, 1999, Stray and Lindsley, 2003). In a recent study the Smc4 protein was
identified as a substrate for Cdk1 activity, the only Cdk that controls cell cycle in S.
84
cerevisiae (Ubersax, 2003). Careful analysis of this in vivo phosphorylation event is
likely to yield insights into cell-cycle regulation.
K03D10.3
The gene codes for a MYST histone acetyltransferase. In S. cerevisiae the protein
is the catalytic subunit of the native multisubunit complex (NuA4) that acetylates
nucleosomal histone H4 at the N-terminal tail. The protein is the product of the ESA1
gene, an essential gene required for cell cycle progression (Allard et al., 1999).
Temperature-sensitive mutant alleles abolish the enzymatic activity in vitro and result
in partial loss of an acetylated isoform of histone H4 in vivo. Yeast strains carrying
these mutations, although succeed in replicating their DNA, they fail to proceed
normally through mitosis and cytokinesis (Clarke et al., 1999).
Interestingly, another subunit of the NuA4 complex is the product of TRA1, an
ATM-related essential gene homologous to human TRRAP, essential cofactor for c-
Myc- and E2F-mediated oncogenic transformation (Allard et al., 1999). The function
of the essential Esa1 protein as the HAT subunit of NuA4 and the presence of Tra1p
supports an essential link between histone dynamic modification, transcriptional
regulation and cell cycle control.
K08E3.8 (mdt-29)
“MDT” is a unified nomenclature for protein subunits of mediator complexes
linking transcriptional regulators to RNA polymerase II (Bourbon et al., 2004).
Promoter-specific initiation of transcription by RNA polymerase II (Pol II) requires
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both gene-specific regulators and general transcription factors (GTFs). Biochemical
and genetic studies in yeast led to the discovery of a Mediator (MED) complex of 20
protein subunits, linking transcriptional regulators to Pol II and GTFs. In vitro,
Mediator stimulates basal transcription, enables activated transcription, and relieves
the interfering effect of a strong transcriptional activator (Kim et al., 1994). Further
genetic studies demonstrated the role of Mediator in repression as well as activation,
and established the relevance of Mediator to transcription control in vivo.
T06D8.8 (rpn-9)
In worms rpn-9 is predicted to encode a non-ATPase subunit of the 19S regulatory
complex of the proteasome. It contains a PINT motif (Proteasome, Int-6, Nip-1 and
TRIP-15), a homology domain that occurs in the C-terminal region of several
regulatory components of the 26S proteasome. Apparently, all of the characterized
proteins containing such domains are parts of larger multi-protein complexes. Proteins
with PINT domains include budding yeast proteasome regulatory components
Rpn3(Sun2), Rpn5, Rpn6, Rpn7 and Rpn9 ; mammalian proteasome regulatory
components p55, p58 and p44.5, and translation initiation factor 3 complex subunits
p110 and INT6 ; and several uncharacterized ORFs from plants, nematodes and
mammals.
In yeast, the rpn-9 homolog is a non-ATPase regulatory subunit of the 26S
proteasome, with the null mutant being temperature sensitive and exhibiting
proteasome assembly defects. Moreover, the cells arrest in G2/M of the cell cycle and
show slow degradation of the anaphase and M phase inhibitors, Pds1p and Clb2p,
respectively (Takeuchi and Toh-e, 2001). Knocking down the gene in worms affects
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body morphology, embryonic viability, locomotion, larval viability, fertility, and
growth. These are the only phenotypes that have been identified in a screen for genes
involved in control of cell division in the ectoderm (Mengarelli et al., West Coast
Meeting, 2004).
rpn-9 was one of the genes for which I had requested a CGC mutant strain. The
homozygote rpn-9 animals are sterile because of severe meiotic defects. As Figure 12
shows there is practically no pachytene zone, despite the presence of a normal looking
mitotic region and transition zone. For this reason, there are also defects in oogenesis,
without any normally developed oocyte. Additionally, there are "gaps" in the
germline, "ring structures" that look like empty space or necrotic areas. For DNA
damage phenotypes in rpn-9(gk401) animals in terms of apoptosis and cell cycle
arrest I had, therefore, to look in the heterozygote animals. Figures 13 shows the
apoptotic phenotype in the course of time upon 120 Gy of X-rays.
Overall, the animals display reduced apoptosis, with a two to three-fold decrease in
the number of corpses compared to the wild-type. However, the initial levels of cell
death are slightly increased and there is a further increase upon IR at later time-points.
A defect in cell cycle arrest was hard to score for in the heterozygote gk401, but
interestingly enough the homozygote mutants show mitotic cells that are enlarged,
even in the absence or IR (see Figure 12).  This might suggest a permanent arrest in
one of the cell cycle phases, concomitant with the yeast phenotype. At the moment it
is unclear where the lack of death observed is attributed. On a hypothetical basis, the
protein could have a pro-survival factor as a substrate to lead to degradation under
conditions of genotoxic stress that would normally require the initiation of cell death.
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T09B4.10 (chn-1)
The gene name stands for C-term of Hsp70-iNteracting protein. The protein
belongs to the CHIP family of proteins and acts as a chaperone-dependent E3
ubiquitin ligase. The protein contains a modified RING finger domain, without the
full complement of Zn2+-binding ligands, guiding to its involvement in E2-dependent
ubiquitination. To succeed quality control of intracellular proteins, an essential step
for cellular homeostasis, molecular chaperones recognize and contribute to the
refolding of misfolded or unfolded proteins. In addition, the ubiquitin-proteasome
system mediates the degradation of such abnormal proteins. Ubiquitin-protein ligases
(E3s) determine the substrate specificity for ubiquitylation and have been classified
into HECT and RING-finger families. More recently proteins that contain a U box of
about 70 amino acids that is conserved from yeast to humans, have been identified as
a new type of E3. All mammalian U-box proteins have been reported to interact with
molecular chaperones or co-chaperones, (including Hsp90, Hsp70, DnaJc7, EKN1,
CRN, and VCP), acting as assistants that modulate the folding machinery in a positive
or negative manner. CHIP is such a cofactor that interacts with Hsp70 and, in general,
attenuates its most well characterized functions. In addition, CHIP accelerates
ubiquitin-dependent degradation of chaperone substrates. Surprisingly, a major target
of the ubiquitin ligase activity of CHIP is Hsc70 itself (Jiang et al., 2001).
The amino acid sequence also contains tetratrico peptide repeats (TPR), a
structural motif present in a wide range of proteins, known to mediate protein-protein
interactions and the assembly of multiprotein complexes. The TPR motif consists of
316 tandem-repeats of 34 amino acids residues, although individual TPR motifs can
be dispersed in the protein sequence. Such motifs have been identified in various
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different organisms, ranging from bacteria to humans. Proteins containing TPRs are
involved in a variety of biological processes, such as cell cycle regulation,
transcriptional control, mitochondrial and peroxisomal protein transport, neurogenesis
and protein folding.
There are recent reports that the mammalian CHIP activates HSF1 and confers
protection against apoptosis and cellular stress (Dai et al., 2003). Induction of
molecular chaperones is regulated by a transcriptional program that depends on heat
shock factor 1 (HSF1), which is normally under negative regulatory control by
molecular chaperones Hsp70 and Hsp90. That study demonstrated that CHIP
regulates activation of the stress-chaperone response through induced trimerization
and transcriptional activation of HSF1, and is required for protection against stress-
induced apoptosis in murine fibroblasts. Mice lacking CHIP, develop normally but are
temperature-sensitive and develop apoptosis in multiple organs after environmental
challenge.
Another report showed that CHIP is associated with Parkin, a gene responsible for
familial Parkinson's disease, and enhances its ubiquitin ligase activity (Imai et al.,
2002). The unfolded Pael receptor (Pael-R) is a substrate of the E3 ubiquitin ligase
Parkin. Accumulation of Pael-R in the endoplasmic reticulum (ER) of dopaminergic
neurons induces ER stress leading to neurodegeneration. CHIP, Hsp70, Parkin, and
Pael-R were shown to form a complex with the amount of CHIP being increased
during ER stress. CHIP promoted the dissociation of Hsp70 from Parkin and Pael-R,
thus facilitating Parkin-mediated Pael-R ubiquitination. Furthermore, CHIP enhanced
the ability of Parkin to inhibit cell death induced by Pael-R.
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In C. elegans loss of CHIP function arrests the development of the animal at the
larval stage (Khan and Nukina, 2004). The gene is expressed ubiquitously in all
tissues with some tissue specific variations, though. A dose dependent phenotype was
observed in vivo. Although overexpression of CHIP causes embryonic lethality, a
comparatively lower level of over expression causes locomotion and egg laying
defects.
I tested the role of chn-1 in DNA damage responses, since it was another gene for
which I had requested a CGC mutant strain. The homozygote chn-1(ok459) animals
arrest at early larval stages, and the heterozygotes display a partially penetrant
germline phenotype, with morphological defects at the pachytene zone. Therefore, I
decided to look for an apoptotic phenotype in animals that were exposed to RNAi
after the L1 stage. Figure 14 shows the number of corpses in two different time-points
after the L4 stage, after gene inactivation in a wild-type, ced-3(n717), cep-1(gk138)
and hus-1(op244) background. The initial levels of cell death in chn-1(RNAi) are
clearly elevated and this is also in agreement with the mutant phenotype (6.8 ±2.2
corpses at the 12h-post L4 stage). This death is caspase-mediated since it is abrogated
in a ced-3(lf) background. Moreover, it is likely induced by endogenous DNA
damage, since cep-1(lf) completely blocks it. In contrast to that, hus-1(lf) fails to
suppress this death, suggesting that the checkpoint protein is not required for sensing
this damage. Subsequently, the apoptotic response was followed up in the course of
time, before and after the application of X-rays. As is illustrated in Figure 15, there is
successful induction of apoptosis upon IR, although the fold-induction is nearly half
of that of the wild-type (see Figure 13 for comparison). The same result is also
presented in Figure 16 and in addition to that, the UV apoptotic response was
measured. For reasons that will only become clear in Chapter 5, I will not comment
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extensively on the obtained result at this point, although there seems to be a defect
upon this type of stress.
Whether the C. elegans CHN-1 exerts a role in tuning the response to stress by
regulation of protein quality control, remains to be elucidated. An appealing
hypothesis would be the regulation, in terms of protein degradation, of a pro-apoptotic
factor whose improper accumulation leads to the increased levels of death in a chn-1
loss of function situation.
T24H7.1 (phb-2)
The gene product is a subunit of the mitochondrial ProHiBitin complex.
Prohibitins comprise a remarkably conserved protein family in eukaryotic cells with
proposed functions in cell cycle progression, senescence, apoptosis, and the regulation
of mitochondrial activities. Two prohibitin homologues in yeast, Phb1 and Phb2, were
shown to assemble into a high molecular weight complex in the mitochondrial inner
membrane, forming membrane-bound rings (Tatsuta et al., 2005). Deletion of the two
S. cerevisiae genes results in a defect in mitochondrial membrane potential and a
decreased replicative lifespan, connecting the metabolic efficiency of the cells with
the ageing process (Coates et al., 1997).
In mammalian cells, prohibitin was identified as a potential regulator of growth
arrest and a tumor suppressor (McClung et al., 1995, Nuell et al., 1991). In yeast there
is evidence of a role for prohibitin in mitochondrial inheritance and in the regulation
of mitochondrial morphology (Berger and Yaffe, 1998).
Prohibitins in C. elegans, similarly to yeast and humans, form a high molecular
weight complex in the mitochondrial inner membrane. RNA-mediated gene
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inactivation, has shown that they are essential during embryonic development and are
required for somatic and germline differentiation in the larval gonad (Artal-Sanz et
al., 2003).
What the implication of the worm protein in the cellular responses to DNA damage
is remains largely unknown. The previous knowledge that abundance in the prohibitin
transcripts blocks entry into S phase of cultured cells, therefore proliferation, in
combination with the amenability of the worm to genetic analysis might shed more
light into the functions of the protein in diverse cellular processes, including
development and tumor suppression.
W08E3.1 (snr-2)
The gene codes for a small nuclear ribonucleoprotein, a U1 snRNP component
very well conserved in humans. The U1, U2, U4/U6, and U5 small nuclear
ribonucleoprotein particles (snRNPs) are involved in pre-mRNA splicing. They have
seven Sm proteins (B/B', D1, D2, D3, E, F and G) in common, which assemble
around the Sm site present in four of the major spliceosomal small nuclear RNAs. The
Sm proteins are essential for pre-mRNA splicing and facilitate RNA-protein
interactions and structural changes required for the formation of stable, biologically
active snRNP structures (Kufel et al., 2003). Sm proteins are also found in
archaebacteria, which do not have any splicing apparatus, suggesting a more general
role for these proteins.
In C. elegans there is a mutant available, which in a homozygote state confers
embryonic lethality, consistent with the role of the gene in RNA biogenesis and
92
function. This phenotype hinders further analysis to elucidate the role, if any, of snr-2
in DNA damage responses.
W04B5.5
This gene encodes a phospholipid-independent AKT/PKB kinase, homologous to
the human 3-phosphoinositide dependent protein kinase-1 (hPDK1). In S. pombe the
protein is a serine/threonine protein kinase, known as ksg1, involved in the control of
cell cycle arrest via a phosphoinositide signaling pathway. The gene is essential for
growth, mating and sporulation, since mutant cells undergo growth arrest in the G2
phase of the cell cycle at the restrictive temperature (Niederberger and
Schweingruber, 1999). Additional studies showed that ksg1 is a novel regulator of
cell wall integrity in the fission yeast (Graub et al., 2003). In S. cerevisiae the protein
is named PKH1 (Pkb-activating Kinase Homolog) and is involved in the sphingolipid-
mediated signaling pathway that controls the internalization step of endocytosis
(Friant et al., 2001). Interestingly enough, a downstream kinase of PDK1 in
mammals, SGK (serum- and glucocorticoid-inducible kinase 1), has been reported to
be significantly induced in a p53-dependent manner after DNA damage. This
induction occurred through ERK (extracellular signal-regulated kinase 1/2)-mediated
post-translational regulation (You et al., 2004), and resulted in the inhibition of the
FOXO3a activity.
The C. elegans homolog belongs to the serine or threonine-specific kinase
subfamily. Structurally, it contains a conserved catalytic core but lacks a phospholipid
binding pleckstrin homology domain, suggestive of its phospholipids-independent
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kinase activity. The so-called PIAK worm protein was found to phosphorylate
mammalian AKT/PKB and activate the survival pathway that may be utilized during
periods of cellular quiescence (Li, et al., 2001).
W04B5.5 was one of the genes for which the CGC generated a mutant strain for
me. I looked at the ok1309 allele for DNA damage phenotypes in terms of apoptosis
and cell cycle arrest. Figure 17 shows the apoptotic response in the course of time,
after the animals where irradiated with 120 Gy of X-rays. The overall behavior
suggests a defect in the activation of apoptosis, with a three-fold decrease in the
number of corpses compared to the wild-type. However, there is a gradual increase in
the death levels at later time-points, suggesting that the worm homolog of the 3-
phosphoinositide dependent protein kinase-1 shares redundancy with another protein.
I observed no defect in cell cycle arrest upon ionizing radiation (data not shown) but a
role for the protein in DNA repair cannot be excluded, since embryonic lethality upon
IR was elevated compared to the wild-type levels (approximately 30% vs 3%) (Figure
18).
Although further analysis is required, I speculate that this 3-phosphoinositide
dependent protein kinase-1-like could act in an antagonistic to the C. elegans SGK-1
pathway to mediate general stress or DNA damage responses. Indeed, the latter has
been shown to be a crucial factor for the control of development, stress response, and
longevity (Hertweck et al., 2004). It acts in parallel to the AKT-1/2 kinases to mediate
DAF-2 signaling, and together with PDK-1 (homolog of the isoform 1 of human 3-
phosphoinositide dependent protein kinase-1) is able to directly phosphorylate and
inactivate DAF-16/FKHRL1.
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In the last decade we have experienced a rapid expansion in the field of functional
genomics, mainly due to the global gene expression profiling capabilities provided by
techniques, such as microarray analysis. Application of this technology in very
diverse fields shows the versatility of this tool and the potential to revolutionize
biological research.
Identifying genes that are differentially expressed in response to DNA damage
may help elucidate markers for genetic damage and provide insight into the cellular
responses to specific genotoxic agents.
The current study provided us with a plethora of data, but the benefits that this
study might hold have not yet been exploited to their full power. I anticipate, though,
that it could expand our understanding of the DNA damage signaling networks
regulating the responses of the nematode C. elegans to ionizing radiation and other
sources of genotoxic stress.
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Methods
Microarrays. (a) Total RNA isolation. Fresh tissue from the different genetic
backgrounds tested, before or 3 h following treatment with either IR or ENU, was
used as a starting material. Total RNA was isolated using the RNAzol B (ams
Biotechnology) according to the manufacturer’s protocol, dissolved in RNase-free
water (Sigma) and tested on a 1% formamide-agarose gel.
(b) First strand synthesis of direct cDNA. A total of 20 µg RNA in 8 µL of H2O
was used to synthesize cDNA with a microarray custom cDNA synthesis kit (Gibco
BRL, #18090-019) and using an oligo dT24-T7 promoter, HPLC purified primer.
(c) Second strand synthesis of direct cDNA. The 20 µL of the previous reaction
were used to synthesize the second cDNA strand (Gibco BRL, #18090-019). No
RNase A or proteinase K treatment followed the T4 DNA polymerase incubation and
150 µL of DEPC-H2O was added instead.
(d) cDNA purification. The product was purified using PhaseLock gel light tubes
(Eppendorf, #0032007.961) and precipitated with 7.5 M NH4Oac and glycogen
(Gibco BRL, #10814-010), according to the instructions.
(e) In vitro transcription labeling (IVT). Of the purified cDNA, 3.5 µL were mixed
with 75 mM each of NTPs (Ambion), supplemented with 10 mM Bio-11-CTP and 10
mM Bio-16-UTP (Enzo, #42818 and #42814, respectively). A T7 enzyme mix was
used for a 4 h incubation of the in vitro transcription reaction (MEGAscript T7 kit,
Ambion, #1334).
(f) IVT product purification. The product was immediately purified using RNeasy
spin columns (Qiagen, #74104), eluted in a total of 60 µL of DEPC-H2O and was
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stored at –80oC. The transcripts (1-10%) were checked on a formaldehyde agarose gel
and the OD260 was measured.
(g) Fragmentation of the IVT product. A total of 30 µg of the IVT product was
fragmented in fragmentation buffer (Roche laboratories, Basel). The mixture was
denatured in a thermocycler and subsequently placed on ice.
(h) Genechip hybridization. A pre-treatment solution was prepared to be applied to
the Affymetrix C. elegans GeneChip. The fragmented cRNA was mixed with a
control stock mix, a biotinylated oligo, herring sperm DNA, acetylated BSA and
hybridization buffer. The mixture was heated up, kept in a 45oC waterbath, loaded
onto the chip and incubated on rotisserie overnight.
(i) Washing, amplification and staining. The washing steps were done with buffers
on Roche Fluidics according to the lab’s protocol. A streptavidin stain solution was
applied to the chip and incubated on rotisserie, followed by washing steps. For the
amplification, the chip was incubated with a biotinylated-anti-streptavidin solution.
After the washes, a stain solution supplemented with phycoerythrin was applied on
the chip, followed by incubation on rotisserie.
(j) Scanning. After the washing steps, the chip was filled completely with washing
buffer, was scanned in a laser scanner to detect the signals, and analyzed using the
Affymetrix GeneChip System Expression Analysis package.
* The exact protocols and reagents (g-j) are confidential for the Roche
laboratories
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Genetics. All strains were grown at 20oC on NGM agar seeded with E. coli OP50
(Brenner, 1974). The Bristol N2 strain was used as the wild-type strain. The following
alleles and transgenic strains were used: LGI: hus-1(op244), chn-1(ok459), cep-
1(gk138); LGII: rpn-9(gk401); LGIII: W04B5.5(ok1309); LGIV: ced-3(n717). The
chn-1(ok459) and rpn-9(gk401) strains were maintained as chn-1(ok459)/ok59 I and
rpn-9(gk401)/mIn1[mIs14 dpy-10(e128)] II, respectively.
Germline apoptosis.  Young adult staged worms from different genetic backgrounds
were exposed to 120 Gy of X-rays and/or 100 J/m2 of UV-C radiation and corpses
were scored in the meiotic region of one gonad arm during the course of time or at the
indicated time points, using Nomarski optics. For the RNAi experiments, L1 staged
worms were put on plates seeded with the respective RNAi clone (Kamath et al.,
2003) and young adults were scored for germline apoptosis in the course of time.
Embryonic lethality assay. Wild-type and ok1309 mutant animals, 48 h post the L1
stage, were subjected to 120 Gy of X-rays and one day later were left lay eggs for 4-6
h. Non-hatched eggs were scored the next day as a positive embryonic lethal
phenotype and expressed as a fraction of the total eggs laid. Data shown is the
average percent lethality of 50 animals. Error bars indicate SEM.
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CHAPTER 4
IDENTIFICATION OF LIN-26, A NOVEL GENE THAT AFFECTS CELL
DEATH UPON IONIZING RADIATION IN C. ELEGANS
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Preface
The microarray experiment and the subsequent analysis of the results provided me
with a list of genes potentially to be involved in a DNA damage signaling network,
regulating the responses of C. elegans to ionizing radiation. In the previous chapter I
already gave a short description of some of the candidates – I will now focus on one
gene for which there was a mutant available at the beginning of my project.
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4.1. The history of LIN-26
4.1.1. The C. elegans LIN-26 is required to specify and/or maintain all non-
neuronal ectodermal cell fates
The story of this chapter has its onset in the year 1987, when the group of Robert
Horvitz became interested in understanding how patterns of cell divisions and cell
fates are specified during the development of the nematode C. elegans. In a series of
genetic screens, a number of mutations were recovered to cause homeotic
transformations in the fates of individual cells. The genetic pathway for the
specification of the vulval cell fate was the one affected. This finding suggested that
these lineages might be specified by a series of decisions distinguishing between
alternative cell fates (Ferguson et al., 1987).
One of the twenty-three genes that were assigned to particular steps of the vulval
cell fate pathway, was lin-26, for which the n156 mutation caused the normally
hypodermal precursor cells to adopt neuronal fates. The first in-depth study occurred
seven years later when three new alleles of the same gene were isolated that caused
embryonic lethality and defects in all categories of hypodermal cells (Labouesse et
al., 1994). The strongest alleles, mc1 and mc4, caused many hypodermal cells to die
during embryogenesis. As a consequence, embryos did not elongate and died.
Another embryonic lethal mutation, mc2, caused hypodermal cells to fail to enclose
the embryo properly. The position of these mutations in lin-26 is shown in Figure 2.
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Further insight into the three potential roles of LIN-26, either as a factor to specify,
or allow the acquisition or maintain the differentiated state of hypodermal cells came
from expression pattern studies. It was proven that during asymmetric cell divisions
that generate a neuronal and a non-neuronal cell, the protein is symmetrically
segregated and then lost from the former (Labouesse et al., 1996). Its expression in all
the hypodermal cells and all glial-like cells (socket and sheath cells) was biologically
important, considering the structural and functional defects in the lin-26(n156)
mutant. The authors concluded that lin-26 is required to specify and/or maintain the
fates of hypodermal cells and of all the other non-neuronal ectodermal in C. elegans.
A possible mechanism of action would be repressing the expression of neuronal-
specific genes in non-neuronal cells.
A new function for LIN-26 emerged as being required for the formation of the
somatic gonad epithelium. Tissue-specific knock outs revealed that the protein’s
similar role in the non-neuronal ectoderm and the somatic gonad is to express
epithelial characteristics (den Boer et al., 1998). Loss of LIN-26 activity in the
somatic gonad gave rise to five penetrant phenotypes, these being sterility,
endomitotic oocytes, a protruding vulva, a germline proliferation defect, or even
complete absence of the gonad arms. Although the authors analyzed the expression of
the protein in Z1 and Z4 somatic gonad precursors and the gradual disappearance in
their daughter cells, no information about its presence in the germ cells during
adulthood was enclosed; a fact which will be discussed in paragraph 4.2.3.
 Reaching the end of a series of studies to understand the mechanisms that
establish epithelial cell identity, it was revealed that LIN-26 is one of the genes
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needed for the regulation of epithelial-specific factors. Ectopic LIN-26 expression
could reprogram the normal cell fates to trigger epithelial differentiation without,
though, conferring tissue/organ specificity (Quintin et al., 2001).
In this chapter I present a novel function for LIN-26, a switch from the pathways
that specify ectodermal cell fate to the mechanisms that execute the cell death fate.
4.2. lin-26: structure and expression patterns
4.2.1. Genomic organization of lin-26
The lin-26 gene possesses an interesting chromosomal organization, residing in
two overlapping operons, with two other genes that all together define a novel class of
proteins (Figure 1). The gene exists in three splicing forms, a long isoform referred to
as lin-26A (F18A1.2b in WormBase); another one that is trans-spliced to SL2 at the
third lin-26A exon, referred to as lin-26B; and a shorter one that lacks the fifth lin-26A
exon, mentioned as lin-26C and considered to be a minor isoform expressed only in a
subset of cells (Dufourcq et al., 1999). The neighboring genes that are called lir-2 and
lir-1 (lin-26-related genes) are present in a major and a minor isoform, and in three
alternative splice variants, respectively. The proposed model for the chromosomal
organization of the lir-2/lir-1/lin-26 gene complex is two operons that partially
overlap, one that includes lir-2 and long lir-1 isoforms (operon 1) and another that
includes short lir-1 isoforms and lin-26 (operon 2) (Figure 1) (Dufourcq et al., 1999).
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4.2.2. lin-26 belongs to the C2H2-type zinc finger gene family
Based on the longest cDNA sequence, the predicted amino acid sequence of LIN-
26 is 472 amino acids long and is shown in Figure 2. Five potentially important
functional domains are illustrated: an amino-terminal region with 25% serines or
threonines; a middle region with 25% glutamines; a carboxy-terminal region
containing several negatively charged amino acids; two copies of cysteine-histidine
motif and a potential protein degradation PEST sequence (proline/glutamic
acid/serine/threonine) found in proteins with a short half-life.
The Cys/His motifs might form zinc fingers since they are related to but are
distinct from the classical zinc fingers of the TFIIIA transcription factor. In particular,
the first motif is characterized by the presence of five additional amino acids between
the second Cys and the first His (17 instead of 12), and by the absence of the
conserved phenylalanine normally located four amino acids after the second Cys. The
second motif, though, is more canonical. The residues separating the second Cys and
the first His are mainly polar and basic, implicating this region in particular in nucleic
acid binding. The zinc finger motif is an unusually small, self-folding domain in
which Zn is a crucial component of its tertiary structure, which interacts with
nucleotides in the major groove of the nucleic acid (SMART nrdb database). Zinc
fingers have the ability to bind to both RNA and DNA, a versatility not demonstrated
by the helix-turn-helix motif (Nardelli et al., 1991). It has also been suggested that a
Zn-centered domain could be used in a protein interaction, e.g. in protein kinase C.
A search into the human proteome for members that show high similarity with
LIN-26 yielded a number of proteins that belong to the Krüppel-type of Zinc Finger
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family proteins (ZNF). Figure 3A shows members of the human Krüppel-type
superfamily that were randomly selected to align with LIN-26, in the sequence
encompassing the C2H2 type zinc finger motif. The various but comparable degrees
of similarity or identity fall all in the range that would place LIN-26 in the same set of
structurally related proteins. Trying to identify the closest matching protein, two
human proteins appeared the most frequently: HKR18 and HKR1 displayed 57% and
60% similarity within the stretch of sequence that contains the zinc finger motif
(Figure 3B). The function of the two proteins and their potential relation with LIN-26
are further discussed in paragraph 4.7.
A closer look at the C-terminus of the LIN-26 protein identified an unconventional
KRAB motif, a feature encountered in the HKR1 protein (Figure 4A). The Krüppel-
associated box (KRAB) domain is a 75-amino acid transcriptional repressor module
commonly found in the N-terminal part of about one third eukaryotic zinc finger
proteins. It is enriched in charged amino acids and can be divided into subregions A
and B, which are predicted to fold into two amphipathic alpha-helices (Figure 4B).
The KRAB domain functions as a transcriptional repressor when tethered to the
template DNA by a DNA-binding domain. Gene silencing requires binding to the
RING-B box-coiled-coil domain of the co-repressor KAP-1. The functions currently
known for members of the KRAB-containing protein family include transcriptional
repression of RNA polymerase I, II, and III promoters, binding and splicing of RNA,
and control of nucleolus function (InterProScan description, EBI database).
Of the mutations that have been isolated and studied in the past (by the Labouesse
group), four affect the first potential zinc finger motif and are depicted in Figure 2.
Two of them, the ga91 and the n156, I used in this study to investigate the DNA
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damage response phenotypes of lin-26. Recently the first deletion allele, ok939,
became available at the CGC. The deletion removes a 156 nucleotide fragment
downstream of the ATG, which eliminates 77% of the ORF, rendering it a null
(Figure 2).
4.2.3. Germline expression of the lin-26 gene and protein
The germline is the only tissue where DNA damage responses become apparent in
the sense that, phenotypes are easily or solely detectable and amenable to
quantification. To manifest a potential role for lin-26 in the DNA damage signaling
network, I first examined whether it is localized in the germline tissue.
Figure 5A shows the immunostaining pattern of LIN-26 in a dissected gonad using
a polyclonal antibody against the N-terminus (offered by the Labouesse lab). The
protein seems to be associated with the nucleolar compartments of the germline. A
closer view at the premeiotic nuclei and the transition zone is shown in 5B. In the first
case where DAPI-stained chromatin (in blue) is widely dispersed throughout the
volume of the cell, between the nuclear periphery and a centrally located nucleolus,
the protein (in red) is localized on both the chromosomes and the nucleolus. In the
transition zone where the chromosomes congregate towards one side of the nucleus,
the protein achieves a highly polarized spatial organization and adopts an off-center
position, opposite to the clustered chromosomes. The sharing of the protein between
the two compartments could either imply a different role according to the location or
a shuttling from one to another to secure a proper function.
Not only the protein but also the lin-26 mRNA displays a germline expression
pattern (Figure 5C), spreading from the mitotic region until the end of the proximal
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arm (pointed by the arrowheads). These are in situ hybridization data found in the
NEXTDB (Nematode Expression Pattern DataBase).
 An additional piece of evidence, telling of the possible role of lin-26 in processes
related to responses to genotoxic stress, emerges from gene expression maps. Those
were designed by assembling data from various C. elegans microarray experiments
and contain genes that are grouped together when co-regulated (Kim et al., 2001). In
Figure 5D part of such a map, called a mountain, is illustrated, containing all the
genes whose expression topology coordinates are within a certain radius. The genes
are visualized in a three-dimensional manner that shows correlations of gene
expression profiles as distances in the two dimensions and gene density in the third
dimension. This mountain (1465 genes in total) includes genes that are germline-
specific (101), genes expressed in oocytes (60), some death-related genes including
ced-4 and is particularly enriched in repair genes. The latter ones are represented by
members of the nucleotide excision repair machinery (Met18, XPF, ERCC1 and
ERCC1 homologs), the double strand break repair and recombination pathway
(Mus81, LIG3, rad-54, rev-1), the mismatch and oxidative damage repair process
(Mlh1, Mms1 homologs, apn-1), as well as various other checkpoint genes. The lin-
26 gene clusters among this group. The fact that it is co-regulated with a relevant to
the DNA damage response pathway set of known genes, implies possible networking
interactions with critical factors that mediate these processes.
4.2.4. Isoform specificity of lin-26 in the germline and upon ionizing radiation
Initial studies on lin-26 to determine the organization of the gene revealed, as
already mentioned in paragraph 4.2.1, more than one isoforms (Dufourcq et al.,
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1999). Whole animal studies proved that the lin-26B isoform (F18A1.2a in
WormBase) is the most abundant one. Rescuing experiments proved that the lin-26A
isoform is non-functional, since it failed to rescue the lethality and sterility of severe
alleles.
I tested the possibility of isoform specificity in the germline tissue and the
potential that only some of them might respond to DNA damage. I followed the
transcription of isoform specific mRNAs by Q-RT-PCR (Table 1). To distinguish
between germline and somatic expression I made use of the glp-4(bn2) mutants that
lack a germline in the restrictive temperature. The values are presented as relative
abundance of isoform B over isoform A. They show that the germline contains more
of the short isoform B, reflecting the overall affluence in the animal. The difference in
the amount, though, between the soma and the germline suggests that the latter is
enriched in the long isoform A.
To investigate a potential isoform preference in the activation of lin-26 upon
ionizing radiation, I used a similar Q-RT-PCR approach to compare the change in
mRNA levels in the germline with ones in the soma (Table 2). Isoform A, previously
thought to be a non-functional transcript, was found to be induced three hours upon
irradiation in the germline. Accompanying this increase, is a reduction in transcription
of the short isoform from the rest of the animal. This finding is of particular interest,
because it assigns a functionality to a so far seemingly futile lin-26 isoform.
At the moment it is not known how lin-26 expression is initiated or established in
the germline. The protein, though, has a complex spatial and temporal expression
pattern. A molecular dissection of the promoter of the gene could identify almost all
the elements necessary to establish such a pattern (Landmann et al., 2004). The
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regulation of the gene is achieved to a large extent through tissue-specific cis-
regulatory elements, which act redundantly or synergistically to drive expression in
different cells.
A similar mode of regulation of the gene expression to the one in the epithelial
cells of ectoderm and mesoderm could be utilized for the germline. A hypothesis
would be that so far unidentified promoter elements, under the right combination,
could synergize for its expression in germ cells.
4.3. lin-26 is required for DNA damage-induced cell death
4.3.1. lin-26 mutants are defective for ionizing radiation-induced apoptosis
In order to identify an actual involvement of lin-26 in the DNA damage responses
triggered by ionizing radiation in the C. elegans germline, I used the already existing
mutants at that time to look for relevant phenotypes. Recently a deletion mutant
became also available and I integrated this into the analysis.
In the DIC pictures of Figure 6, some of the phenotypic germline characteristics of
the lin-26 mutants are depicted. The n156 animals show a vulvaless (Vul) and a egg
laying defective (Egl) phenotype, and they are slightly small and fat with hypodermal
and support cell defects. The germline looks normal, with proliferation rates similar to
wild-type: 21.2±2.9 versus 23.2±1.7 for the wt in a 50 µm distance from the DTC.
The ga91 animals display a protruding vulva (Pvl) and a Egl phenotype. They have a
wild-type compartmentalization in the germline with slightly decreased numbers of
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proliferating nuclei: 18.4±2.6 versus 23.2±1.7 for the wt. The larval arrest (Lva)
phenotype of the ok939  animals makes it impossible to check the germline
characteristics of an adult animal. The heterozygote under the mIn1 balancer mutants
appear wild-type under the DIC.
I used the ga91 and n156 alleles (bearing a point mutation) described above to
perform a time course analysis, after exposing them to 60 Gy of X-rays (Figure 7).
Apoptotic corpses were scored in the meiotic region of one gonad arm of young adult
animals, having the response of wild-type animals as a control. Both in the short- and
the long-term response to ionizing radiation, the two lin-26 mutants display a defect
in inducing IR-induced cell death. The defect appears to be of similar severeness for
both alleles. I further used the ok939 allele in a similar time course analysis (Figure
8). Animals that were heterozygote for the deletion (ok939/mIn1) were exposed to
120 Gy of X-rays. The apoptotic response to IR is strongly compromised, resulting in
only a 1.5 to 2.7-fold increase in the number of corpses above the control levels. To
exclude that this would be an effect of the high dose or irradiation used, I repeated the
experiment with the application of 60 Gy of X-rays (Figure 9). Both curves totally
overlap, suggesting that the apoptotic defect remains after high and medium doses.
What remains, though, to be done is score the three alleles for a hypersensitive upon
IR phenotype, by using very low doses of X-rays. If the mutants cannot cope with low
levels of DNA damage because the protein has a dispensable role under such
conditions, then they are expected to show a normal if not increased apoptotic
response.
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Having obtained a defective apoptotic response with the balanced lin-26(ok939)
mutant, I had to examine the possibility that the phenotype is not due to some kind of
interference from the mIn1 balancer chromosome. For that reason I crossed this strain
into wild-type to provide a normal copy of the gene from an intact wild-type
chromosome. Apoptotic corpses were scored at two different time-points after
treatment with 120 Gy of X-rays (Figure 10). Both lin-26(ok939)/mIn1 and lin-
26(ok939)/+ mutants show a similar lack of IR-induced apoptosis. The observation
that animals with a wild-type copy of the gene still present exhibiting a phenotype
upon treatment with X-rays, raises the issue of the actual nature of the phenotype.
Either a dominant negative phenotype with the mutated gene product (if present)
poisoning the functional copy, or a haploinsufficient phenotype, with the normal gene
copy not producing enough functional protein, could explain the defective apoptotic
behavior of the animals upon ionizing radiation. More insight into that will be gained
once a deficiency that covers the lin-26 locus is studied for induction of apoptosis
upon DNA damage. A similar to the above phenotype will strongly point into the
second case and needs to be further explored as a gene dosage sensitivity
phenomenon. There is considerable evidence in the cancer field suggesting that this
haploinsufficiency can facilitate tumor progression by blocking apoptosis (Santarosa
& Ashworth, 2004).
4.3.2. lin-26 mutants fail to respond to endogenous DNA damage
Apart from damage caused by an external source of genotoxic stress, double-strand
breaks can occur normally during meiotic prophase as the initiating events in meiotic
recombination. In C. elegans such breaks can initiate apoptosis (Gartner at al., 2000).
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Inhibition of rad-51, a member of the RecA family that catalyzes the invasion of
DNA single-strand overhangs into a recipient double-strand DNA to initiate the
formation of D loops and the later steps of meiotic recombination, results in
unresolved DNA breaks. This, in turn, leads to increased germ cell death. Mutants for
the IR responsive pathway, such as hus-1(op244), mrt-2(e2663) and clk-2(mn159) as
well as for the p53 homolog cep-1(gk138) can suppress rad-51(lf)-induced cell death,
suggestive of its nature as DNA damage-induced.
To test whether lin-26 can exert the same function as the above checkpoint and
pro-apoptotic genes, I inactivated rad-51 by using RNAi and scored the germline of
lin-26(ga91) and lin-26(n156) mutants for the presence or not of excessive cell death
(Figure 11). Loss of rad-51 function is suppressed by both mutations in lin-26,
suggesting that endogenously DNA damage-induced cell death does not occur
properly in the absence of LIN-26. The fact that artificially induced DNA double
strand breaks have the same effect as breaks caused by irradiation regarding the lack
of activation of apoptosis, may place C. elegans lin-26 in the DNA damage signaling
network.
4.4. Physiological cell death is normal in lin-26
4.4.1. lin-26 lies upstream of the apoptotic machinery
The failure of germ cells to undergo apoptosis in response to DNA damage in a
lin-26 mutant background could also raise the question of how efficient the apoptotic
machinery itself is in this mutant. Such a possibility can underlie two different
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occurrences: Either the death activity of ced-3 and ced-4 is compromised, or there is a
death-suppressing activity present.
To explore this issue, I scored apoptotic corpses in the germline of animals
carrying both the ga91 mutation and the n1950, a strong loss-of-function mutation in
the cell death suppressing gene, ced-9 (Figure 12). The latter results in increased
levels of germ cell death, consistent with the protective role of ced-9 in the germline
(Gumienny at al., 1999). The ga91 mutation in lin-26 does not suppress loss of ced-9
function, suggesting that LIN-26 acts upstream of a functional apoptotic machinery.
To corroborate the finding about the lack of DNA damage-induced apoptosis in lin-26
mutants, I additionally irradiated the above double mutant. After 120 Gy of X-rays I
observed no further increase in the number of corpses. The ced-9(n1950) single
mutant similarly does not display a significant increase upon IR, probably due to a
saturation effect in the volume of the germline.
In addition, to prove that physiological cell death can occur unperturbed, I scored
apoptotic corpses in the germline of animals carrying both the ga91 mutation and the
two loss-of-function mutations in genes that affect germline apoptosis, gla-1 and gla-
3 (Figure 13). The op234 and op216 mutations, respectively, result in increased levels
of germ cell death under physiological conditions, although the mechanism of action
is still not so clear (Milstein, PhD thesis, 2001). The ga91 mutation in lin-26 does not
suppress loss of function in the gla genes, suggesting that LIN-26 does not affect
physiological cell death. Or at least, it does not interfere with something that activates
the apoptotic machinery in the absence of external DNA damage in those two
mutants.
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4.5. Understanding the mode of LIN-26 function
4.5.1. LIN-26 does not have a direct effect on the apoptotic machinery
In an effort to investigate the mode of LIN-26 action following DNA damage, I
first examined the possibility of a direct effect on the members of the cell death
apparatus. Being or presumably having the characteristics of a transcription factor,
LIN-26 could exert its function by regulating the transcriptional levels of either ced-3,
ced-4 or ced-9. To this point, I applied Q-RT-PCR to measure their mRNA levels
before and after treatment with ionizing radiation (Figure 14). In both lin-26 mutant
alleles, ga91 and n156, I did not observe any profound change in the number of
transcripts. As is the case with the wild-type, the transcriptional levels of ced-3, ced-4
and ced-9 remain unchanged. This makes it plausible that the effect of LIN-26 on
DNA damage-induced cell death occurs at a step more upstream.
4.5.2. LIN-26 affects the transcriptional activation of egl-1 and ced-13
An important element of the apoptotic DNA damage response in C. elegans is the
transcriptional activation of egl-1 and ced-13, the only two genes coding for BH3-
only domain proteins. This HUS-1 and CEP-1- dependent process triggers the
increased germ cell apoptosis following ionizing radiation (Hofmann et al., 2002).
Taken that DNA damage-induced germ cell death is abrogated in lin-26 mutants, I
examined the induction of egl-1 and ced-13 by measuring the change in their mRNA
levels by Q-RT-PCR, three hours following treatment with 120 Gy of X-rays (Figure
15). As expected, in both lin-26(ga91) and lin-26(n156) mutants induction is
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compromised to a significant degree, showing a 4-10-fold decrease for egl-1 and an 8-
fold decrease for ced-13, compared to the wild-type situation.
Thus, LIN-26 is required for the activation of the two BH3 domain-bearing genes
in C. elegans. This finding, on the other hand, does not unveil any information about
the order of action of lin-26 and other genes that show a similar defect in the
transcriptional induction of egl-1 and ced-13. It is still possible that lin-26 acts in the
principal DNA damage pathway comprising hus-1 and cep-1. Alternatively, it can
exert its function in a pathway parallel to the previous one and still diverge with it at
the level of the two pro-apoptotic molecules. Notably, though, the significant decrease
in mRNA induction is still distinguishable from the total abolishment observed in a
cep-1 loss-of-function.
With the experiments described below and in the following paragraph I tried to
approach the epistatic relationship between lin-26 and cep-1, based on the hypothesis
that they might be connected through a transcriptional relation.
I started asking whether LIN-26 could act via CEP-1, partially by making the
presumption that the former could serve the role of a transcription factor. I, therefore,
measured the cep-1 levels in ga91 and n156 mutant animals, before and after
irradiation, by using real time Q-RT-PCR (Table 3). Although it is known that it is the
post-translational modifications to p53 that affect its overall appearance and activity
in response to various types of stress (Brooks & Gu, 2003), a regulation at the level of
transcription cannot be totally excluded. The initial transcript levels of cep-1 are
expressed in arbitrary units and no significant difference is observed between the lin-
26 mutants and the wild-type. Similarly, following irradiation, the fold-change shows
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a comparable picture to what is observed for the wild-type, in the range of 2-3-fold
increase.
I conclude that there is no LIN-26-dependent activation of the cep-1 gene existing.
The possibility, though, that the former acts upstream and is genetically connected to
CEP-1 in an indirect way, is still open.
4.5.3. lin-26 transcriptional levels are elevated in the absence of CEP-1
Continuing with the examination of an epistatic relationship between the lin-26
and cep-1 genes, the reverse question of what is described in paragraph 4.5.3 arose.
To test whether CEP-1 can be responsible for the transcriptional activation of lin-26
following DNA damage, I measured the lin-26 mRNA levels with real time Q-RT-
PCR in wild-type worms and cep-1(gk138) mutants and expressed the results in
arbitrary units (Table 4). It seems that there is a relative abundance in the transcript
copy numbers of lin-26 in the absence of CEP-1 protein and under physiological
conditions, that reaches the value of 17-fold increase compared to the wild-type.
Moreover, when the initial lin-26 levels are compared with the ones upon treatment
with ionizing radiation, comparable to the wild-type values are obtained.
A possible and appealing explanation for this finding would be that CEP-1 keeps
the steady-state levels of lin-26 transcription under control, and thus acts upstream of
the latter in the hierarchy of the DNA damage signaling cascade.
Indeed, in a search for putative p53 binding sites in the lin-26 gene, I was able to
identify two of them (Figure 16). I used the consensus p53 binding site consisting of
two copies of a stretch of the following nucleotides: 5’-
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PuPuPuC(A/T)(A/T)GPyPyPy-3’. These are arranged head to head and are separated
by 0 to 13 nucleotides, as has been deduced from a set of genes known to be regulated
by the mammalian p53. One of the putative binding sites was identified in the
promoter region, 893 nucleotides upstream of the ATG, whereas the other is located
in the second exon of the gene. The CG residues depicted in orange in Figure 16 and
the A/T residues depicted in blue are well conserved in both cases. The nucleotides
flanking this core and shown in bold letters are less perfectly matched. The presence
of these sequences does not prove anything about the actual biological process that is
occurring. Biochemical experiments are needed to establish the validity of such a
hypothesis.
4.5.4. The LIN-26 protein is modified by phosphorylation upon ionizing
radiation
Whether LIN-26 is an alternative mode of activating the CEP-1-depedent induction
of DNA damage-induced germ cell death, or whether it is a co-factor for the
transcriptional regulation of the CEP-1 target genes (egl-1 and ced-13) still remains
elusive. Critical DNA damage signaling molecules, on the other hand, are post-
translationally regulated mainly by phosphorylation and acetylation, modifications
which have a profound effect on their stability and function.
To test such a potent mode of regulation, I performed a western analysis using a
polyclonal anti-LIN-26 antibody against the N-terminus (offered by the Labouesse
lab). Wild-type animals at the young adult stage were irradiated with 120 Gy or left
untreated and protein samples were collected 3 h later (Figure 17). In the irradiated
sample a molecular weight shift occurred, a pattern that denotes some kind of
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modification. When a fraction of the irradiated sample was subjected to phosphatase
treatment, the shift disappeared suggesting that LIN-26 is modified by
phosphorylation. Considering that the protein possesses such a property, lin-26 claims
an engaging role in the DNA damage signaling network.
The challenge that follows such a finding is to identify which the upstream kinase
responsible for this phosphorylation is. Looking at the amino acid sequence of LIN-26
and subjecting it into bioinformatic analysis, a number of candidate phosphorylation
sites were recognized (Figure 18). Underlined in red and black, respectively, are two
putative ATM and three putative DNA PK phosphorylation sites shown. The
consensus sequences were derived from mammalian data sets and the residues
expected to be modified are marked with a box. These sequences match the already
established ones with various degrees of statistical significance. The predictions are
purely speculative and should be used with caution, though, because they are based on
the assumption that the peptide library data is correct. Double underlined are stretches
that are known to be recognized by CDK and PKCε kinases.
To decide on the actual kinase(s) for the phosphorylation event, the western
analysis has to be repeated in the respective mutant genetic background. Unless there
is redundancy, LIN-26 should fail to become phosphorylated. Apart from this
candidate based approach which might give information to some extent, a
complementary method would be to locate the phosphorylation site(s). For this we
have established a contract with the Functional Genomics Center in Zurich (FGCZ) to
use the Mass Spectrometry technique in order to precisely map the phosphorylated
sequences on LIN-26 (p155 Project Proposal).
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4.6. Additional DNA damage phenotypes of lin-26
4.6.1. lin-26 mutants have a abnormal cell cycle arrest upon IR
An important aspect of the DNA damage responses in C. elegans is the cell cycle
proliferation arrest that occurs in the mitotic zone of the germline tissue. This is a
response spatially distinct from the apoptotic response. Cell cycle arrest is initiated
when checkpoints become activated. These are regulatory mechanisms that do not
allow the initiation of a new phase of the cell cycle before the previous one is
completed, or temporarily arrest cell-cycle progression in response to genotoxic
stress.
In order to study if the cell cycle arrests properly upon IR in the lin-26 mutants I
made use of a cyclin B1 assay that we have developed in the lab (Deplazes, Diploma
thesis, 2002). Transgenic worms carrying the CYB-1::YFP reporter transgene
(opIs76) have all the germ cells marked with YFP, although some of them are
particularly highlighted in the mitotic zone (Figure 19E). We assume that, in a
population of cells which undergo different phases of the cell cycle, these represent
cells being in the G2 phase, where the expression of cyclin B1 peaks. Upon
application of ionizing radiation, the previous patched pattern disappears giving rise
to a well-defined zone where all mitotic cells are highlighted (Figure 19F). As early as
3 h following treatment with X-rays, this characteristic pattern appears and stays up
even after 12 h, as the figure shows.
In a lin-26(ga91) mutant background the opIs76 marker reveals a variation in
mitotic nuclei size under normal conditions (Figure 19A, B). The closed arrows
represent big nuclei visualized in the already non-treated cells. These are interspersed
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among normal-sized nuclei. Upon irradiation there is no accumulation of the YFP
signal in the mitotic zone. Instead of a homogenous staining, some highlighted big
nuclei can be detected in a population of cells that varies a lot in size (Figure 19C, D).
The small nuclei are represented by open arrows in this case.
For the moment it is not possible to predict the nature of the abnormally sized
nuclei. It may well be that the big cells in the non-treated animals are cells that
already bear some damage and therefore arrest, or conversely, the small cells in the
treated animals could be cells that presumably fail to arrest. In that case, a checkpoint
function could be assigned to LIN-26. As known from other systems, DNA damage
activates specific checkpoints at the G1/S and G2/M boundaries and in the S phase,
with each one based on a different mechanism. In C. elegans, although some of the
components mediating this response upon IR have already been identified (Hofmann
et al., 2002, Ahmed et al., 2001), it is not very clear yet how this process is
coordinated. Whether checkpoints are activated in all different phases or there is a
preference for the G2/M, as the cyclin B assay reveals, remains to be determined. lin-
26 could be a candidate gene to mediate this checkpoint.
4.6.2. DNA damage is sensed properly in the absence of lin-26
The cell cycle usually arrests when excessive damage is present in the cells to cope
with while cycling. Repair mechanisms are readily initiated to restore the normal
situation in cells, and only when there is need to facilitate them, the cycle ceases. In
C. elegans, genes that are involved in repair can be identified by the phenotypes the
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respective mutants display. Increased accumulation of repair factors to distinct
nuclear sites is a good way to exemplify increased damage in a mutant.
To test a potential involvement of LIN-26 in repair, I took advantage of the HUS-
1::GFP assay described in Hofmann et al. Transgenic animals show a diffuse GFP
signal in the proliferating germ cell nuclei under normal conditions. The presence of
external damage due to ionizing radiation results in the formation of bright foci that
overlap with chromatin, most probably representing actual sites of DNA damage or
ongoing repair. Young adult wild-type or lin-26(ga91) mutant animals expressing the
opIs34 transgene were irradiated with low doses of X-rays (15 Gy) and mitotic cells
in a 50 µm distance from the DTC were scored 8 h later (Figure 20). lin-26 mutants
show the same density of foci after irradiation, suggesting that external damage
caused by ionizing radiation is properly sensed by the HUS-1 protein complex.
Moreover, the foci are kept low in number before treatment in both backgrounds,
indicating that there is no endogenous damage accumulated in the absence of LIN-26
and that the latter is not directly linked to the repair process.
4.6.3. Loss of lin-26 function results in hypersensitivity upon IR
A sensitive measure for the ability towards DNA damage responses, accounting
for the combined effects on apoptosis, cell cycle arrest and repair, is the radiation
sensitivity assay. The survival of the embryos generated from mitotic cells that have
been exposed to the damaging effects of radiation is assessed that way.
I used this method to determine whether animals with impaired lin-26 activity are
sensitive to the irradiation, as is the case for known checkpoint genes. Animals from
different genetic backgrounds were irradiated at the L4 stage with 120 Gy or were left
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untreated. Twenty-four hours later they were let lay eggs and finally unhatched
embryos were counted and expressed as a fraction of the total number laid. As is
shown in Figure 21, lin-26 exhibits moderate levels of embryonic lethality under
normal conditions (12.5%). Based on the results of paragraph 4.6.2, the lack of ability
to repair endogenous damage is excluded as a cause of this embryonic lethality.
However, the most likely explanation would be an essential function for the protein
during embryogenesis that results in decreased progeny survival. Following treatment
with X-rays, this percentage increases up to 56% and reaches similar levels with the
ones for hus-1(op244) and clk-2(mn159) checkpoint mutants. This effect could
probably be the result of inability to cope with the inflicted damage.
Interestingly, simultaneous loss of the hus-1 and clk-2 checkpoint genes in the lin-
26 background under normal conditions gives rise to a synthetic lethal phenotype with
28.4 and 42.2% F1 lethality, respectively. This dramatic effect in survivorship often
implies that possible genetic interactions might exist to insure either proper repair in
the germline or proper propagation of the embryos. In contrast to that, combined loss
of lin-26 and atm-1 does not confer any increase in the severeness of the phenotype.
Evidence for and discussion on the role of atm-1 in the DNA damage responses,
including a synthetic lethal phenotype in the absence of other checkpoints, is provided
in Chapter 5.
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4.7. Is there a linkage of lin-26 to cancer biology?
Structural studies of zinc finger proteins have shed light into their extraordinary
diversity of structure and function. However, only a limited number has been
structurally and mechanistically characterized, despite the large number of putative
zinc finger motifs identified. What is clear so far, though, is that these protein motifs
play a vital role in regulating a broad panel of biological functions. Even the classical
C2H2 zinc finger motif performs more than the initial nucleic acid binding
assignment, more than DNA or RNA recognition and packaging (Laity et al., 2001).
Studies of the past few years have revealed that the eukaryotic genomes contain
actually a large number of zinc finger genes (ZNF), widespread and well conserved
among various organisms. In the human genome more precisely, there is evidence
accumulating that the systematic isolation and mapping of ZNF genes could provide a
useful approach for the identification of novel candidate disease genes.
Indeed, the engagement of researchers to isolating human zinc finger-encoding
cDNAs with a putative involvement in developmental and malignant disorders,
returns promising results: members of the zinc finger Krüppel family (ZNF131-140,
142, 143, 148, 151, 154, and 155), or genes containing a KRAB (Krüppel-associated
box) segment (ZNF133, 136, and 140) localize to regions involved in deletions and/or
translocations associated with various syndromes (Williams syndrome, split hand and
foot disease (SHFD1), and Beckwith-Wiedemann syndrome). Some of these map to
regions commonly deleted in solid tumors including thyroid adenoma, neuroblastoma,
colon cancer and others. In addition, several of the ZNFs map to regions implicated in
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recurrent chromosomal rearrangements in hematological malignancies (Tommerup
and Vissing, 1995).
A series of other studies have demonstrated that ZBP-89, a Krüppel-type zinc
finger protein, inhibits cell proliferation. Overexpression of the protein in
immortalized rat pituitary (GH4) cell lines inhibits DNA synthesis and progression to
S phase is blocked (Remington et al., 1998).
Towards a similar mode of action, KS1 (KRAB/zinc finger suppressor protein 1)
mRNA is inducible by serum and epidermal growth factor, suggesting a role for this
gene in cell growth regulation. KS1 suppresses transformation by the potent
oncogenes H-ras, Galpha12, and Galpha13, indicating a potential for the protein to
protect against neoplastic transformation (Gebelein et al., 1998).
Zinc finger proteins can confer not only protection against proliferation but also
sensitization to apoptotic cell death. The ZK1 gene, for example, is one of early
response genes by exposure to ionizing radiation, and may have some functions on
radiation-induced apoptotic cell death on hematopoietic cells (Katoh et al., 1998).
The transcriptional levels of this KRAB domain bearing gene in human leukemia
cells lines, CMK86 and U937, are increased after exposure to ionizing radiation, and
stably transfected murine myeloid precursor 32D cells have higher sensitivity to
ionizing radiation.
KLF6 (Krüppel-like factor 6) is a ubiquitous zinc finger suggested to be a
candidate tumor suppressor gene in prostate cancer and astrocytic glioma (Ito et al.,
2004). KLF6 mutations are present in tumors with either microsatellite or
chromosomal instability and in most colorectal cancers it is inactivated by loss and/or
mutation with rates similar to those of TP53 and K-RAS (Reeves et al., 2004).
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Moreover, it is frequently down-regulated and suppresses tumor growth via induction
of apoptosis in non-small cell lung cancer cells (NSCLCs), suggesting that it might
also be a tumor suppressor for these cells (Ito et al., 2004).
The study of zinc finger proteins has revealed their potential to act as either tumor
suppressors or oncogenes. ZK7, a novel zinc finger gene, is induced by vascular
endothelial growth factor (VEGF) in hematopoietic cells. ZK7-overexpressing cells
have lower sensitivity to ionizing radiation and the chemotherapeutic agent etoposide,
the same way as VEGF inhibits radiation-induced apoptosis in the leukemia cell line
CMK86. Therefore, ZK7 protein may be involved in the inhibitory effect of VEGF on
apoptotic cell death in human hematopoietic cells (Kuramoto et al., 2000). Moreover,
the mRNA levels of ZK7 in HNSCC (head and neck squamous cell carcinomas)
clinical specimens exposed to platinum drugs and/or ionizing radiation are higher than
those in non-exposed specimens, and ZK7 over-expressing cells have low sensitivity
to the chemotherapeutic agent cisplatin and to ionizing radiation. These results
suggest that ZK7 may inhibit apoptotic cell death in HNSCC (Miyake et al., 2002).
From the closest matching proteins of LIN-26, HKR18 and HKR1 (Figure 3B), the
former was found to be a protein of 94kDa with 20 zinc fingers in its C terminus. The
gene is ubiquitously expressed in all the human tissues tested, with a slight
enrichment in ovary and testis as well as fetal kidney (Mark et al., 2001). In all cases,
two mRNA transcripts were found to be present. However, the HKr18 gene does not
seem to belong to any known larger subfamily of KRAB zinc finger genes in the
human genome. It might therefore define a group on its own. There is no additional
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information available, though, about the role of the protein in the tissues where it is
expressed.
The HKR1 gene product was identified in a study for factors that mediate the
signaling pathway activated by exposure to platinum drugs (Oguri et al., 1998). The
authors focused on the C2H2 type of zinc finger transcription factors and screened
human lung-cancer cell lines for genes that are induced following exposure to
cisplatin. The gene is expressed in low levels in normal lung tissues, compared to
tissues derived from lung adenocarcinomas and not previously exposed to any
treatment. Furthermore, treatment of clinical samples with cisplatin also results in
elevation of the expression levels. It is not yet clear, though, how HKR1
overexpression is associated with increased proliferation in a cancerous situation, on
one hand, and with an additional response to a DNA damaging agent under this
condition, on the other. More experiments would be needed to clarify whether HKR1
responds to cisplatin or other damaging agents under normal conditions, mediating a
general response to genotoxic stress. It could also be that its role is connected with
drug metabolism or resistance in cancer cells. One important observation is that the
gene is located on a chromosomal region that is implicated in advanced ovarian and
cervical cancer (Arnold et al., 1996, Heselmeyer et al., 1997). The possibility that
HKR1 is involved in the progression of cancers is still open.
During the years, therefore, it has become evident that the family of zinc finger
proteins is expanding rapidly with a challenging connection to cancer biology. The
resemblance of LIN-26 to members of the ZNF superfamily provokes the hypothesis
that the protein might somehow be involved in the interplay between cell death and
cell survival. Although at the moment I cannot exclude the possibility of LIN-26
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binding an RNA molecule, the above mentioned similarity strongly points to its role
as a transcription factor. The protein could, therefore, act either as a transcriptional
activator or a transcriptional repressor. If the gene encodes an activator, making an
equivalent hypothesis to that in the studies of Labouesse et al., the targets in the
germline would be pro-apoptotic genes. In case of a repressor, LIN-26 would have to
negatively regulate an anti-apoptotic factor, or a negative regulator of a pro-apoptotic
factor in the germline, both of which would be active in its absence.
As revealed from its structure, LIN-26 most likely belongs to a new group of zinc
finger proteins, with no obvious members in C. elegans, other than the LIN-26-related
proteins from the same operon. Although with only two zinc finger motifs it appears
as a protein that doesn’t conform to the usual type or expected pattern of the human
ZNF proteins discussed, it may still share a similar function. Moreover, the atypical
KRAB motif that possibly resides at the C-terminus (paragraph 4.2.2; Figure 4)
reinforces this hypothesis.
Differentiation is actually known to be largely regulated by transcription factors
controlling gene expression. One interesting possibility for the KRAB zinc fingers
proteins is that, by getting expressed in a certain type of cells, they are involved in
silencing genes expressed in closely related, yet different, cell lineages. And in that
way they participate in differentiation and thereby in cell and organ development.
This mode of action is reminiscent of the so far known way of LIN-26 function in C.
elegans proposed by Labouesse et al. The novel function that is proposed in this
chapter could also be related to the previous one: if LIN-26 is repressing the
expression of certain pro-survival genes, it may be involved in stabilizing the
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commitment of the dying cells to the death fate. Inactivation or deregulation of the
protein may contribute to the development of a situation where damaged cells survive.
No evidence so far, though, excludes a more direct role in initiating germ cell death
upon DNA damage in C. elegans.
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Methods
Genetics. All strains were grown at 20oC on NGM agar seeded with E. coli OP50
(Brenner, 1974). The Bristol N2 strain was used as the wild-type strain. The following
alleles and transgenic strains were used: LGI: atm-1(gk186), cep-1(gk138), hus-
1(op244), gla-1(op216), gla-3(op234), glp-4(bn2); LGII: lin-26(n156), lin-26(ga91),
lin-26(ok939); LGIII: clk-2(mn159), ced-9(n1653ts); opIs34 (HUS-1::GFP), opIs76
(CYB-1::YFP). The lin-26(ok939) strain was maintained as lin-
26(ok939)/mIn1[mIs14 dpy-10(e128)] II.
Germline apoptosis.  Young adult staged worms from different genetic backgrounds
were exposed to 60 or 120 Gy of X-rays and corpses were scored in the meiotic
region of one gonad arm during the course of time or at indicated time points, using
Nomarski optics. For the RNAi experiments, L1 staged worms were put on plates
seeded with the respective RNAi clone (Kamath et al., 2003) and young adults were
scored for germline apoptosis at the indicated time points.
Cell cycle arrest studies. The cell cycle arrest phenotype was visualized using a
cyclin B1 reporter construct. opIs76 transgenic animals bearing low copies of CYB-
1::YFP in a wild-type or a lin-26(ga91) background were treated with 120 Gy of X-
rays 12 h post the L4 stage. Images from dissected gonads were captured 10 h later
using an ORCA-ER digital CCD camera and were processed with the Openlab
software.
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Relative quantification of transcripts. Total RNA was extracted from wild-type,
lin-26(n156), lin-26(ga91), cep-1(gk138) and glp-4(bn2) mutants after treatment with
120 Gy of X-rays and/or from untreated worms. cDNA synthesis and quantitative
real-time RT-PCR were performed as previously described (Hofmann et al., 2002).
Transcripts of the lin-26 long and short isoforms, the cell death genes ced-9, ced-4,
ced-3 and the pro-apoptotic genes egl-1, ced-13 and cep-1 were measured after
normalization with 18SrRNA mRNA, which was used as internal control. The
average fold-change upon treatment was deduced based on three independent
experiments.
Immunostaining of LIN-26. Antibody staining of gonads was performed using
standard procedures. Briefly, animals were dissected and fixed with 3% para-
formaldehyde/0.1 M K2HPO4 (pH 7.2) for 50 min at room temperature followed by a
10 min incubation with 100% methanol on ice. Gonads were blocked in 5%
BSA/PBS-Tween-20 0.1% for 1 h and incubation with a polyclonal anti-LIN-26
antibody against the N-terminal 331 amino acids (offered by the Labouesse lab) was
done overnight at 4oC (Alpi et al., 2003). The tissues were co-stained with DAPI
before mounting. Fluorescent images were captured with a Leica microscope
equipped with an ORCA-ER digital CCD camera and were processed with the
Openlab software.
Immunoblotting of LIN-26. Whole worm protein extracts from wild-type animals
were used for SDS-PAGE and subsequently probed with the anti-LIN-26 polyclonal
antibody, using standard molecular methods. Proteins were collected before and 3 h
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following treatment with 120 Gy of X-rays, with or without having been subjected to
λ-phosphatase treatment (New England, Biolabs).
Embryonic lethality assay. Animals from different genetic backgrounds, 48 h post
the L1 stage, were subjected to 120 Gy of X-rays and one day later were left lay eggs
for 4-6 h. Non-hatched eggs were scored the next day as a positive embryonic lethal
phenotype and expressed as a fraction of the total eggs laid. Data shown is the
average percent lethality of 50 animals. Error bars indicate SEM.
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CHAPTER 5
GENETIC CONTROL OF UV-INDUCED APOPTOSIS
IN THE NEMATODE C. ELEGANS
Manuscript under preparation
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Preface
To preserve genomic stability it is essential to obstruct the road to cancers.
Although cancers are characterized by extreme diversity and heterogeneity, there is a
small number of critical steps whose occurrence impels the uncontrolled expansion
and invasion: in almost all instances, deregulated cell proliferation and suppressed
cell death together provide the underlying platform for cancer progression.
Deficiencies in repair mechanisms also contribute to carcinogenesis by creating a
permissive environment for genetic instability and accumulation of gene mutations,
permitting disobedience of cell cycle checkpoints, which would normally induce
apoptosis.
Genetic defects that perturb the mechanisms of checkpoint activation, repair and
apoptosis almost invariably cause severe syndromes that are characterized by the
degeneration of specific tissues (especially the nervous and immune system),
sensitivity to specific DNA-damaging agents and predisposition to cancer.
The ataxia telangiectasia (A-T) disease has long intrigued the research community
due to the broad spectrum of defects it encompasses, including neurodegeneration,
immune dysfunction, growth and developmental retardation, premature signs of
aging, chromosomal instability, radiosensitivity and cancer predisposition. The
underlying molecular cause of the disease is mutations in the ATM gene, and the
biology beneath dictates defective cellular responses to DNA damage.
This last point is the driving force for researchers to try to understand the
fundamental processes of the development of the disease and proceed to exploit them
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therapeutically. The conservation of the gene throughout evolution and therefore the
immense amount of informational input from different fields is what renders this goal
accessible.
I embarked on this project after it became known to the worm community that C.
elegans possesses an ATM homolog. With so many diverse targets and different
partners already known, the network where ATM is involved can only expand. The
aim of this study was to unveil the DNA damage signaling cascades, in which the C.
elegans ATM-1 functions and potentially discover new relationships that might shed
light on the full complement of human biology.
Following the manuscript that is under preparation, I present additional data that I
generated in order to learn more in the context of ATM-1 signaling and the UV
responsive pathway.
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ABSTRACT
Surveillance mechanisms called checkpoints favor repair processes in case of
cellular damage. Failure for the lesions to be restored may trigger apoptosis to
eliminate damaged cells. Studies in the model organism C. elegans have revealed the
presence of DNA damage responses with well-conserved components in mammals. In
the current study we report on the existence of a UV apoptotic pathway in the C.
elegans germline, which is mediated by the p53 homolog and ATL-1 (Ataxia
Telangiectasia and Rad3-related). Blockage of the nucleotide excision repair pathway
(NER) severely affects the apoptotic response, whereas ATM-1 (Ataxia
Telangiectasia mutated) has an assistant role in its proper induction. Interestingly,
application of cisplatin and camptothecin, two potent antitumor agents, renders the
worms resistant to the apoptotic response when atm-1 is mutated. Moreover, known
checkpoint and repair genes differentially regulate cell cycle arrest and the subsequent
death sentence. We conclude that repair components constitute an important
determinant for the outcome of DNA damage signaling initiated by the C. elegans
ATR, based on the induction of UV-induced cell cycle arrest and germ cell death.
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INTRODUCTION
Eukaryotic cells preserve their genome integrity by exhibiting a properly regulated
response to damaged DNA. Lesions can be naturally occurring as the result of
replication errors, oxidative damage by free radicals, endogenous alkylating species,
meiotic recombination intermediates or spontaneous alterations in DNA. Otherwise,
they might be caused by exogenous factors, such as ionizing radiation, UV light and
chemical mutagens.
The cells respond through the action of systems that detect the aberrant DNA
structures and trigger the activation of transducers to amplify and diversify the signal
by targeting a series of downstream effectors. The output of these responses is the
activation of surveillance mechanisms, called cell cycle checkpoints, with which cell
cycle is arrested and DNA repair mechanisms are favored.
Nucleotide excision repair (NER) is the major and most flexible repair pathway for
the removal of lesions that distort the DNA double helix, including the UV-induced
cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4 PPs), as well as
adducts produced by the chemotherapeutic agents cisplatin and 4-nitroquinoline oxide
(Balajee and Bohr, 2000). The two branches of NER, global genome repair (GGR)
and transcription coupled repair (TCR) are initiated somewhat differently but require
common enzymatic steps for execution (Prakash and Prakash, 2000, Costa et al.,
2003). The NER reaction is carried out by the orchestrated and sequential recruitment
of more than 25 factors and key steps include damage recognition, DNA unwinding
and damaged strand incision, followed by repair synthesis and ligation. In mammals,
XPC initially recognizes DNA distortions and with the help of HR23B recruits the
XPB and XPD helicase complex. Damage verification by the XPA-RPA complex
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results in continuation of repair (Prakash and Prakash, 2000, Costa et al., 2003,
Thoma and Vasquez, 2003) that includes the action of XPF and XPG endonucleases.
Opposed to that and as a sequence of the occurrence of double-strand breaks
(DSBs), an alternative repair pathway is activated. Based on the dependence of
sequence homology for repair, the main mechanisms involve the error-prone non-
homologous-end joining (NHEJ) and the error-free recombinational repair (RR). In
the former, recognition of and binding to damaged DNA occurs by the Ku70-Ku80
complex, followed by association with the catalytic subunit, DNA-PKcs. The
holoenzyme then activates the ligation process by XRCC4-ligase 4 (Valerie and
Povirk, 2003, Dasika et al., 1999).  The RR pathway comprises a large number of
proteins, including the MRN (Mre11-Rad50-Nbs1) complex for processing of the
initial damage and the RAD51 recombinase responsible for homolog pairing and
strand exchange after being loaded onto the resected breaks. Several RAD51-
associated proteins, the RAD52 DNA single-strand annealing protein and the RAD54
helicase for ATP-dependent DNA unwinding are also involved. The latter one may
stimulate the activity of RAD51 by changing the DNA topology (Valerie and Povirk,
2003, Dasika et al., 1999).
Parallel to repair processes, several signaling cascades can be triggered by DNA
lesions and members of the PI3 kinase family are major orchestrators in these events
(Yang et al., 2003, Shiloh 2001). The ATR and ATM proteins are involved in sensing
and processing the presence of certain aberrant DNA structures, formed either
naturally during DNA metabolism, or inflicted by exogenous damaging agents. The
response to DSBs occurs primarily through ATM, whereas response to both IR- and
UV-induced lesions, as well as stalled replication forks occurs via ATR. Having
several downstream phosphorylation targets, they can both subsequently activate cell
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cycle checkpoints at the G1/S and G2/M boundaries and prevent ongoing DNA
synthesis. These events facilitate repair processes, therefore cellular survival. In cases,
though, that damage overwhelms the repair capacity of the cell, the death fate is
executed to eliminate hazardous or potentially tumorigenic cells.
The physiological importance of the DNA damage response pathways is illustrated
in a number of genetic diseases known as “genomic instability syndromes”. Ataxia
telangiectasia (A-T), that arises when the ATM gene is affected, is a complex genetic
disorder inherited in an autosomal recessive manner (Shiloh 2003, Shiloh 1997).
Profound defects in neuromotor functions and the immune responses are among the
clinical signs of A-T patients. Another hallmark of the disease is the striking
predisposition to cancer, lymphomas and lymphoid leukemias in particular, and an
increased radiosensitivity to DNA damaging agents. ATR, on the other hand,
although absolutely crucial for embryonic development, is not directly linked to a
human genetic disorder (Brown and Baltimore, 2000).
Despite our fair understanding about the checkpoint events triggered by ATR and
ATM, the mechanism of choice between attempt of survival and programmed cell
death is not completely understood. Furthermore, although the already identified ATR
and ATM substrates are numerous, the list is not yet saturated, since many
ATR/ATM-dependent death processes might involve unknown targets. For these
reasons, the establishment of an easily accessible system to dissect these interactions
is required. The nematode C. elegans is a good model system to study DNA damage
responses since it possesses key cell cycle checkpoint genes, like hus-1 and clk-2, as
well as the major executioner of apoptosis, p53 (reviewed by Stergiou & Hengartner,
2004). DNA damage responses are restricted in the worm’s germline where, so far
only ionizing radiation (IR) has been shown to induce both cell cycle arrest and
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apoptosis, two responses spatially separated (Gartner et al., 2000). The latter occurs
after the exit from pachytene in the meiotic compartment and is dependent on the core
apoptotic machinery (CED-3/caspase - CED-4/Apaf1 - CED-9/Bcl-2). For execution
it requires the activation of a BH3-only domain-containing protein, EGL-1, which, in
turn, is transcriptionally regulated by p53 (Hofmann et al., 2002). Cell proliferation
arrest in the mitotic zone is visualized as large nuclei, few in number.
In this work we demonstrate that a UV-induced signaling pathway is also present
in C. elegans and comprises the already known basic components of the IR pathway,
cep-1, hus-1 and clk-2 and in addition the checkpoint kinase chk-2.  ATL-1, the C.
elegans ATR homolog (Ataxia Telangiectasia and Rad3-related), is essential for the
execution of UV-induced cell death. We present evidence that components of the
NER machinery are required for both cell cycle arrest and apoptosis following UV
treatment, presumably by immediate sensing of the damage. ATM-1, the C. elegans
ATM homolog (Ataxia Telangiectasia mutated), seems also to play an important role
in these two processes and further reacts to the UV-mimetic drug cisplatin and the
potent antitumor antibiotic camptothecin. Simultaneous loss of ATM-1 and the NER
damage recognizing factor, XPA-1, appears to affect the recombinational repair steps
initiated upon UV damage processing. Our results establish the action of repair
components as a requirement for the initiation of ATR/ATM signaling cascade
triggered by UV and C. elegans as a valid system to unveil complexities of the DNA
damage signaling network.
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RESULTS
UV-C radiation induces apoptosis in the C. elegans germline, via
transcriptional activation of egl-1 and ced-13 and dependent on conserved
checkpoint genes
The effects of DNA damage in the C. elegans germline have been previously
described as being part of a cell arrest and an apoptotic response (Gartner et al.,
2000). To study the potential role of UV radiation as a source of damage and
subsequent inducer of DNA damage signaling, we used different doses of UV-C light
(254nm) and measured the apoptotic events in the wild-type animal’s germline. We
observed a gradual, though not linear, increase in the number of apoptotic corpses
after the exit from pachytene zone, an effect similar to that of ionizing radiation (Fig.
1a, b). The apoptotic response was further followed up in a time course after exposure
to 100 J/m2 of UV-C radiation. As is the case with X-rays, the number of apoptotic
corpses increases over time (Fig. 1c).
An important element of the apoptotic DNA damage response in C. elegans is the
transcriptional activation of egl-1 and ced-13, the two genes coding for the BH3-only
domain proteins. This HUS-1 and CEP-1-dependent process is what triggers the
increased germ cell apoptosis following ionizing radiation (Hofmann et al., 2002).
We tested whether UV-induced apoptosis proceeds via the same manner by
measuring the change in the mRNA levels of egl-1 and ced-13 by real-time Q-RT-
PCR (Fig. 1d). Both genes are transcriptionally upregulated following treatment with
UV, yet in a less prominent degree compared to IR.
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IR-induced cell death in the C. elegans germline requires the p53 homolog, cep-1
(Derry et al., 2001, Schumacher et al., 2001), and the checkpoint genes hus-1, mrt-2
and clk-2 (Gartner et al., 2000, Hofmann et al., 2002, Ahmed et al., 2001). To
investigate whether these well-conserved components in the DNA damage signaling
cascade mediate the observed apoptotic response, we scored the respective mutants
for germline apoptosis following UV radiation. Whereas loss of cep-1 and clk-2
completely abrogated UV-induced cell death (Fig. 1e), absence of hus-1 or mrt-2
severely compromised this response (Fig. 1f).
In our effort to gain insight into the UV responsive pathway in C. elegans, we
turned our attention to the checkpoint kinase CHK-2. In mammals Chk2 is known to
activate p53 to induce apoptosis upon genotoxic stress (Hirao et al., 2002). In worms
chk-2 mutants retain a functional IR-induced checkpoint, yet are defective for the
pachytene checkpoint in response to RAD-51 depletion (MacQueen and Villeneuve,
2001). Based on this differential behavior and the different nature of damage elicited
by UV, we tested two known alleles of chk-2 for their apoptotic response. Whereas IR
caused an increase in cell death indistinguishable from wild-type confirming previous
data, UV failed to cause such an effect (Fig. 1g). Our findings place CHK-2 in the UV
responsive pathway most probably conveying the UV generated signal to CEP-1.
Whether the latter is a direct target of CHK-2 remains to be elucidated.
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ATL-1, the C. elegans ATR homolog, is necessary to activate UV-induced
germ cell apoptosis
Eukaryotic cells respond to DNA damage with a rapid activation of cell cycle
checkpoints that are initiated at the ATR and ATM protein kinase level (Shiloh 2001).
We wanted to test whether apoptosis in the C. elegans germline can be the output
originating from the activation of these kinases. We used a strain that bears an
insertion/deletion of 700 nt in the 10.5 kb atl-1 ORF, resulting in no mRNA transcript
and most likely being a null (Supplementary Fig. 2b). The strain is kept balanced due
to a maternally rescued embryonic lethal phenotype. We measured the induction of
germ cell death upon UV both in homozygous and heterozygous for the mutation
animals, and found that they completely lack UV-induced apoptosis (Fig. 2a).
Following treatment with ionizing radiation we observed a similar defect (Fig. 2b),
suggesting that ATL-1 is necessary for DNA damage-induced germ cell death in
worms. We excluded the possibility that the defect is due to the balancing
chromosome since atl-1(tm853)/+ animals appear to have the same defect (Fig. 2c).
We examined the possibility for this phenotype to be either a dominant negative or a
haploinsufficient phenotype by scoring worms that carry different deletions in the atl-
1  locus (sDf29/+ and mDf1 /+) and obtained the same with the heterozygotes
phenotype. This result suggests that atl-1 is haploinsufficient for the induction of
DNA damage-induced apoptosis in C. elegans.
We anticipated that the transcriptional induction of egl-1 and ced-13 would be
similarly abrogated in the atl-1(lf). Figure 2d shows the fold-change in the mRNA
levels in both heterozygotes and homozygotes atl-1(tm853) mutants. Indeed, the lack
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of activation of the two BH3 domain-bearing genes reflects the death phenotype and
the haploinsufficiency of atl-1.
UV-induced apoptosis relies on ATM-1, the C. elegans ATM homolog
Whereas mammalian ATR responds primarily to UV or stalled replication forks,
ATM reacts mainly to double-strand breaks (Shiloh 2001). We used a mutant strain
that carries a 550 nt deletion in the 4.9 kb atm-1 ORF, which gives rise to a truncated
transcript, although resulting in a premature stop codon if translated (Supplementary
Fig. 2a). Since the kinase domain is downstream of the deleted part, we infer that the
mutant is likely a null. Following treatment with X-ray ionizing radiation atm-
1(gk186) mutants show a normal death response that is dose-dependent (Fig. 3b).
After a dose response analysis upon UV, the animals fail to respond with the same
wild-type levels of death (Fig. 3a). The observed partial defect is not a time point
specific effect but the mutants’ response is compromised during the course of time,
with the number of corpses being reduced to nearly half (Fig. 3c). Moreover, both the
short-term and the long-term apoptotic response is affected in the atm-1(gk186)
mutants, as indicated by the time course performed in short intervals (Fig. 3c). Our
results reveal an involvement of ATM-1 in UV-triggered cell death.
To determine whether UV and IR affect the transcriptional activation of egl-1 and
ced-13 in the atm-1(lf) we measured the fold-change in their mRNA levels (Fig. 3d).
As expected, there is no effect in the induction of either genes following X-rays.
Upon UV treatment ced-13 induction is reduced by 7-fold, whereas egl-1 levels
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remain largely unaffected, suggesting that ATM-1 preferentially channels its activity
into ced-13.
Drug-induced apoptosis requires ATM-1 in C. elegans
We further documented the role of ATM-1 in responding to the same type of
lesions that UV radiation causes by treating worms with cisplatin, one of the most
potent antitumor agents. Cisplatin interacts with DNA and forms adducts mainly
intrastrand and to a lesser degree interstrand crosslinks (Monjardet et al., 2002),
which are thought to be eliminated by the nucleotide excision repair machinery
(NER) (Siddik et al). Wild-type worms fed with the drug display an apoptotic
response that gradually increases over time, while atm-1(gk186) mutants fail to
respond (Fig. 3e). If so, the death levels are somewhat lower, implying an impact of
the drug on the proliferation rate of germ cells. Therefore, we were able to mimic the
UV damage with a chemotherapeutic drug that does not cause double strand breaks
per se.
Camptothecin, on the other hand, inhibits DNA relaxation by topoisomerase I, by
stabilizing the enzyme on DNA in a cleavable complex (Thomas et al., 2004). Both
such cleavage complexes and UV lesions lead to replication- and transcription-
mediated DNA damage (Pommier 2004). We, therefore, studied the effect of
camptothecin on atm-1(gk186) mutants. Wild-type worms exposed to the drug show
an increase in germ cell apoptosis over time, a response that is abrogated in the
mutants (Fig. 3f). This finding implicates the protein in the sensing and/or signaling
of a well-defined set of lesions that block the replication process or interfere with
chromatin structure.
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Conversely, EMS is known to cause base methylation, a single base modification
that would require the base excision repair components to be fixed (Christmann et al,
2003). Treating wild-type worms with two different concentrations of the agent gives
a strong apoptotic response that can be also observed in the case of atm-1(gk186)
mutants (Fig. 3g). Our results predispose the involvement of a certain damage
recognition process by the respective repair components before the actual cell death
decision is taken.
ATM-1 is involved in repair of endogenous and exogenous damage
With the assumption that ATM-1 might be required for the recognition of a certain
type of lesions, we speculated that it might also be involved in the equivalent repair
process. We tested that by looking at the formation of HUS-1::GFP foci, which has
been previously shown to represent sites of damage and/or ongoing repair (Hofmann
et al., 2002). Although in wild-type worms the number of foci in the mitotic zone of
the germline is kept low, in a loss of atm-1 situation the levels are increased,
suggesting that endogenous damage occurs more often in atm-1(gk186) mutants
(Supplementary Fig. 1a). Upon exogenous damage by UV or IR there is no further
increase in the number of foci, presumably either due to a saturation effect or because
ATM-1 is required for the activation of such repair processes. Alternatively, ATM-1
could be necessary for the stability of these complexes on chromosomes.
Moreover, we performed progeny survival studies to show that atm-1(gk186)
mutants have moderate levels of embryonic lethality and an increased sensitivity to
UV by displaying around 30% lethality (Supplementary Fig. 1b). The latter effect
could again be explained by the inability to deal with additional damage.
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Simultaneous loss of the hus-1 and clk-2 checkpoint genes under normal conditions
gives rise to a synthetic lethal phenotype, reaching the levels of 80% and 50%,
respectively. This phenomenon implies that possible genetic interactions might exist
between proteins or pathways to ensure proper repair in the germline.
The nucleotide excision repair (NER) machinery is required for triggering
UV-induced cell death
The DNA damage response occurs by transduction of the damage signal to the cell
cycle checkpoints, as well as the DNA-repair machinery. In fact, the combination of
the two can be proven protective for the cell in cases of low levels of damage.
Because of the induction of apoptosis in our system as a result of genomic injury, we
hypothesized that recruitment of repair components might precede and activate the
cell death process.
We started by testing components of the NER machinery and more specifically the
C. elegans homologs for the mammalian XPC and XPA damage recognition proteins,
to assess the induction of death upon UV.
xpc-1(ok734) mutants carry a deletion that removes 1.7 kb of an intron, so a
transcript of the right size is detectable in the mutant, though it’s less abundant
(Supplementary Fig. 2d). In this genetic background, the levels of UV-induced cell
death are reduced by half, whereas IR-induced cell death occurs normally (Fig. 4a).
We believe that the apoptotic defect in the first case is due to a defect in the UV
damage recognition process, probably a requirement to initiate cell death. On the
other hand, the eukaryotic XPC is known to be implicated in only one of the two
branches of the NER pathway, serving as a recognition factor for the global genome
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repair (GGR) (Costa et al., 2003). That could probably explain the reduction we
observed.
The xpc-1 defect is strongly reinforced by the apoptotic behavior of the xpa-
1(ok698) mutants. xpa-1 mutants carry a deletion that removes half of the ORF,
resulting in no mRNA transcript and most likely being a null (Supplementary Fig. 2e).
It was previously shown that xpa-1 mutants exhibit a hypersensitive phenotype at all
developmental stages and a growth arrest upon UV (Park et al., 2002, Astin et al.,
2004). UV-induced apoptosis is completely abolished in the absence of XPA-1 (Fig.
4b), consistent with the hypothesis that lack of proper damage recognition can disturb
the signal to the apoptotic machinery. Notably, the mutants have elevated death levels
before the treatment with UV (Fig. 4b), presumably due to accumulation of
endogenous damage. Lack of the ability to repair this damage could result in the
spontaneous activation of cell death in xpa-1 mutants. Simultaneous loss of ATM-1 in
this mutant background restores death to normal levels, suggesting that each one of
these proteins is sufficient to activate apoptosis in the presence of unrepairable
intrinsic damage, but both are necessary for this step. Moreover, upon UV treatment
the apoptotic defect still persists in the atm-1(gk186) xpa-1(ok698) mutant animals
(Fig. 4b).
In contrast to UV, IR-induced apoptosis still occurs in the absence of XPA-1,
although with somewhat reduced levels compared to the wild-type (Fig. 4c). This
could be the consequence of X-rays not being a clean source of double strand breaks,
rather than causing a broad variety of lesions. Our results confirm the connection
between the defect upon UV with the nature of lesion inflicted and failed to be
detected by the NER factors.
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In agreement with the pro-apoptotic role of xpa-1, the protein is present in the
germline, with a higher intensity in the meiotic nuclei. Figure 4d shows expression of
a low-copy integrated transgene carrying GFP fused to the xpa-1 coding sequence.
The expression pattern does not change significantly upon treatment with UV, apart
from a slight increase in the mitotic zone (data not shown), probably because the
protein is not regulated at the translational level.
Cell cycle arrest upon UV requires a distinct but overlapping with IR set of
genes
DNA repair pathways can be facilitated in the removal of lesions when followed
by cell cycle arrest. After exposure to IR, proliferation of mitotic nuclei in the C.
elegans germ line tissue also ceases and the size of the cells becomes larger (Gartner
et al., 2000). We assessed the effect of UV on cell cycle progression by measuring the
number of nuclei in a certain volume of the mitotic compartment. Similar to the IR
case, wild-type animals arrest proliferation, whereas the hus-1(op244) and clk-
2(mn159) checkpoint mutants fail to do so (Fig. 5). In contrast to that, cep-1(gk138)
mutants known not to mediate the arrest response upon IR (Derry et al., 2001) were
found to be required for UV-induced cell cycle arrest (Fig. 5). This behavior is also
shared by the checkpoint kinase chk-2, consistent with the apoptotic results, placing
both proteins in the same pathway mediating the UV response in C. elegans.
Similarly, atm-1 falls into the above group, where it is wholly responsible for the cell
proliferation arrest. On the other hand, atl-1(tm853) mutants seems to follow the wild-
type pattern, where arrest can occur upon treatment with both IR and UV radiation
(Fig. 5). Moreover, mutants for atm-1 and atl-1 kinases have a functional intra-S
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checkpoint (data not shown). When tested with hydroxyurea, a drug that depletes the
deoxynucleotide pool and DNA synthesis is inhibited, premeiotic nuclei arrest
normally like in wild-type animals. Last, xpa-1 belongs to the already described
pathway that mediates cell cycle arrest upon UV, but not following IR.
RAD-51 accumulates in mitotic nuclei upon UV in an ATM-1- and XPA-1-
dependent manner
The RAD-51 protein is required for homolog pairing and DNA strand exchange
during recombinational repair (Baumann & West, 1998 and Alpi et al., 2003). We
postulated that a fraction of the UV lesions would be converted to double-strand
breaks during processing by the NER machinery (Bessho et al., 1997, Galli &
Schiestl, 1999, Dunkern & Kaina, 2002). In such a case, RAD-51 would be detected
on the chromatin of mitotic nuclei following UV radiation. Indeed, multiple foci
appear in the germline of wild-type treated animals (Fig. 6a). The foci are still present
in an atm-1 mutant background, making the ATM-1 protein redundant for the loading
of RAD-51 onto sites of double strand breaks.
In accordance with this conclusion, atm-1(gk186) mutants do not suppress the
enhanced apoptosis conferred by loss of rad-51 function (Fig. 6b). The combination
of the two loss-of-function situations rather has an additive effect in the apoptotic
induction. We conclude that, the potent role of RAD-51 in initiating repair of double-
strand breaks arising from processed UV lesions is uncoupled from its role in
resolving meiotic recombination intermediates.
Similarly, elimination of the XPA-1 protein does not influence the appearance of
UV-induced foci either (Fig. 6a). When, on the other hand, both proteins are absent in
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the atm-1(gk186) xpa-1(698) background, we can detect virtually no foci. This
presumably assigns a cooperative role to the nucleotide excision repair components
and to ATM-1 in transducing the signal downstream to the double strand break repair
machinery.
Recombinational repair (RR) can occur following the induction of UV
damage
The analysis with components of the NER machinery revealed a link with ATM-1
and a role for both sides to initiate a signaling process that would require the presence
of RAD-51 (Fig. 6a). Since the recombinational repair pathway is the main
mechanism responsible for the removal of double strand breaks, we assessed a potent
connection with the some of its components.
We chose to examine the response of mutants lacking RAD-54, the human
counterpart of which is known to functionally interact with Rad51 during
recombinational repair. Both human and yeast proteins possess DNA-dependent
ATPase activity that stimulates strand exchange by modifying the topology of breaks
(Petukhova et al., 1998, Jaskelioff et al., 2003). For this study we used a strain that
bears an insertion/deletion of about 1 kb including the start codon, resulting in no
mRNA transcript and most likely being a null (Supplementary Fig. 2f). The strain is
kept balanced due to a maternally rescued embryonic lethal phenotype. rad-54(ok615)
mutants exhibit a strong increase in germ line apoptosis (Fig. 7a), which we could
also phenocopy with RNAi (Fig. 7b). This death is cep-1-dependent, suggesting that it
is induced by DNA damage. Moreover, by knocking down the enzyme generating the
double strand breaks during recombination, SPO-11 (Roeder, 1997), this death is
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alleviated, suggesting that it is due to the accumulation of recombination
intermediates (Fig. 7b).
Application of exogenous damage in the form of X-rays failed to further increase
the death levels in rad-54(ok615), consistent with our hypothesis that inactivation of
repair factors constitute a negative parameter for the initiation of the death process. In
agreement with this argument, application of UV radiation had no effect on the initial
levels of death (Fig. 7c), strongly implying that recombination takes place after the
induction of UV lesions. To exclude the possibility that the lack of further increase is
due to a saturation effect from the apoptotic corpses in the germline, we performed
the same experiment in the absence of SPO-11. spo-11(ok79) mutants respond
normally to both stimuli, demonstrating their ability to respond to additional damage
caused in their genomes (Fig. 7d). Simultaneous loss of rad-54 function impairs this
response, an effect that is stronger in the case of UV.
Interestingly, both the atl-1(tm853) and the atm-1(gk186) mutations suppressed the
rad-54 inactivation-dependent apoptosis (Fig. 7e), suggesting that the two kinases are
required to trigger apoptosis upon unrepaired DNA damage resulting from the
recombinational repair process. This likely places ATM-1 and ATL-1 upstream of a
signaling cascade that leads to the resolution of recombination intermediate structures.
CEP-1 protein levels change upon UV radiation in an ATL-1-dependent
manner
It is well established that the p53 tumor suppressor is a tightly regulated protein
that acts by arresting cell cycle and triggering apoptosis. Upon genotoxic stress it is
subject to post-translational modifications, which result in its stabilization,
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accumulation and activation in the nucleus (Bode & Dong, 2004). We used a worm
specific antibody against the C. elegans p53, CEP-1 (Schumacher et al., 2005), to
investigate whether the protein is post-translationally altered upon UV treatment (Fig.
8). In the wild-type animals we observed an increase in the amount of protein, which
was even more pronounced in the atm-1(gk186) mutants, suggesting that either
protein translation rates increase or the protein is stabilized. In both xpa-1(ok698) and
atm-1(gk186) xpa-1(ok698) mutant animals the effect of UV radiation on protein
amount changed only slightly, despite the in vivo data about complete lack of UV-
induced apoptosis in these genetic backgrounds. We assume that the change in the
protein levels is not sufficient to induce cell death. Minor changes in the CEP-1 levels
were also observed in the chk-2(gk212) mutants, probably due to input coming from
proteins upstream of CHK-2. However, there was no difference in the CEP-1 protein
levels between the control and the UV-treated atl-1(tm853)/nT1 mutant animals. This
is consistent with the requirement of ATL-1 for the UV-mediated cell death and
renders it the sole apoptotic regulator for CEP-1 induction. We predict that this might
account for the abundance of the CEP-1 protein levels in a loss of ATM-1 function
situation (Fig. 8).
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DISCUSSION
The power of C. elegans as a system to genetically identify proteins that regulate
apoptosis has been well established (reviewed by Kinchen & Hengartner, 2004).
Recent analyses have also identified a conserved checkpoint pathway that mediates
the DNA damage signal to the cell death machinery (Gartner et al., 2000).  However,
these studies have been restricted to ionizing radiation as the sole source of genotoxic
stress, therefore hampering further identification of critical factors involved.
In the present study we show that UV is an alternative way to induce DNA damage
responses in the germline of C. elegans, both in the form of cell cycle arrest and
apoptosis. We have managed to mimic the nature of damage with the application of
the chemotherapeutic agent, cisplatin, to which worms react in a similar way, making
it a promising model for the testing and development of chemical drugs.
We were able to show that a primary initiator of the DNA damage responses in
mammals, ATR, is the major player in responses upon both UV and IR in C. elegans.
ATL-1 is the factor that influences the decision of a cell to undergo apoptosis in case
of excessive existing damage. Interestingly, animals that are devoid of one wild-type
copy of the atl-1 gene respond with the same kinetics to UV as the homozygote
mutants. This might be implicative of the mode of ATL-1 function. For instance, the
mammalian ATM was shown to be activated through an alteration in its
oligomerization status by an in trans phosphorylation event (Bakkenist & Kastan,
2003). Very recently, though, accumulating evidence indicates that DNA breaks are
sensed directly by the MRN complex, which binds DNA, unwinds the ends, recruits
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ATM, and dissociates the ATM dimer to activate it (Lee & Paull, 2005). Such a mode
of activation for ATR has not been proven yet to occur. It has been reported, though,
that ATR is associated with moderate affinity with a smaller protein called ATRIP
and certain functions of the former are stimulated by that interaction (Cortez et al.,
2001, Kacmaz & Sancar, 2004). Our observations for such a dosage effect could be
the consequence of any of the above possibilities.
However, there are intriguing differences in the cellular reactions regarding the
activation of checkpoints stemming from ATL-1 kinase. It seems that its role in
imposing a cell proliferation arrest, in any of the boundaries of the cell cycle phases,
is dispensable. Likewise, we could not specify a function for it in the intra-S phase
checkpoint, a role that would fit more with the involvement of a protein in sensing
stalled replication fork-induced damage. Our results, though, point to the ATM
homolog in worms for a checkpoint activator. In contrast to the IR case, cell cycle
arrest is abolished in the atm-1 mutants upon induction of UV damage. Following the
same pattern, animals lacking homologs of both the transcription factor p53 and Chk2
kinase, which are known to phosphorylate cell cycle components and influence the
outcome of cell cycle progression in mammals, are also defective. This differential
behavior sheds some light on the identity of the UV pathway, which is distinct from
the branch that is activated upon ionizing radiation.
Of great interest, though, is the observation that ATM-1 is involved in repair of
cellular damage, either endogenous or exogenously inflicted. The engagement of
ATM-1 in this task was documented by the finding that numerous damaged sites exist
in the genomic background of atm-1 mutants under normal conditions. In addition,
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the synthetic embryonic lethal phenotype observed during the simultaneous loss of
other checkpoint genes, like hus-1 and clk-2, reveals potential genetic interactions to
maintain genome integrity.
Regarding apoptosis, on the other hand, ATM-1 appears to have an assistant role
or be partially involved in the UV signaling that culminates in the elimination of the
cell. Notably, its absence leads to a complete defect following treatment with the
antitumor agents cisplatin and camptothecin. The cytotoxicity of cisplatin is primarily
ascribed to its interaction with nucleophilic sites of purine bases to form
DNA–protein and DNA–DNA interstrand and intrastrand crosslinks. Interstrand
diadducts is an abundant and the primary cytotoxic form of lesion, capable of
terminating DNA synthesis (Siddik 2003, Chaney & Sancar, 1996). The mechanism
of camptothecin action involves the inhibition of DNA relaxation by DNA
topoisomerase I, and more specifically the stabilization of a covalent binary
DNA–topo I complex. Its S-phase cytotoxicity is therefore attributed to cessation of
DNA synthesis and double-strand breakage when the replication fork encounters such
a site (Thomas et al., 2004). Although the two damaging agents obviously belong to
different classes of chemotherapeutics, the common response of ATM-1, along with
its role in UV signaling, raises the issue of selective substrate specificity in response
to different genotoxic stimuli. Whether it is the different adducts themselves or some
intermediate or ultimate processed damage structures these cause that triggers cell
death, still has to be elucidated.
This study revealed that the repair system largely determines the outcome of DNA
damage signaling concerning the induction of germ cell death. A component of the
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nucleotide excision repair machinery, the XPA-1 damage recognition factor, was
found to be expressed in the death sensitive zone of the pachytene region of meiotic
nuclei. Both XPA-1 and XPC-1 damage binding proteins are required for the
activation of apoptosis following UV, but not IR. Whether the initial sensing of the
lesion or the relay of an already sensed signal is performed by repair factors remains
to be determined. In humans, NER protects DNA against the mutagenic effects of
carcinogens and UV, and individuals with a hereditary defect in this system suffer
from xeroderma pigmentosum (XP) with a marked incidence of skin cancer (Mitchell
et al., 2003, de Boer & Hoeijmakers, 2000). Generating mouse models for this human
disease has been proven helpful as to studying cancer predisposition, but not
thorough. Since certain aspects of NER are considerably different between rodents
and humans (Hanawalt 2003) and since certain mammalian NER genes give rise to a
lethal phenotype when mutated (de Boer 1999), alternative model organisms should
emanate. C. elegans seems to possess all the factors required for a functional NER
system. Regardless the absence of the disease from worms, our results implicate the
UV-inflicted or some type of spontaneous damage in such a biological context that
requires NER factors to either repair it or lead the damaged cell to death.
Our findings also make it clear that recombinational repair (RR) factors are
activated upon UV-induced damage. Indeed, interstrand crosslinks (ICLs) processing
is likely to be initiated during replication when the fork progression is stalled, and
elimination of the lesions occurs via the combined actions of excision repair and
recombination systems (McHugh et al., 2001, de Silva et al., 2000). The engagement
of the RR pathway after the induction of UV damage in C. elegans would also explain
the partial involvement of HUS-1 and MRT-2 protein complex in the induction of cell
death, to deal with this subset of lesions. Here we showed that rad-54 recombination
260
mutants exhibit high levels of germline apoptosis under normal conditions. We
suspect that the lack of the ability to proceed with damage fixation results in a high
susceptibility towards cell death. The lack of further increase upon additional damage
caused either by UV or IR treatment strongly implies that recombinational repair
activation is a prerequisite for cell death initiation, presumably by presenting strong
signals to the death apparatus. Underlying these results, disruption of homologous
recombination genes like Rad54 and Rad51 paralogs in yeast and chicken cells, leads
to a dramatic decrease in the frequency of spontaneous and psoralen- or mitomycin C-
induced recombination events, respectively (Sasaki et al., 2004, Saffran et al., 2004).
Moreover, significant levels of lethality were observed in such chicken DT40 mutant
cells or in CHO lines mutated for the XRCC2 and XRCC3 recombinational repair
components (de Silva et al., 2000, Saffran et al., 2004). The activation of the RR
pathway in C. elegans as a consequence of a specific type of lesions caused by UV is
reinforced by the focal appearance of RAD-51 on damaged chromosomal sites.
Neither disruption of the NER activity in the xpa-1 mutants, nor the absence of ATM-
1 alters the foci pattern formation. Contrariwise, elimination of both functions results
in the disappearance of RAD-51 from the affected sites. This observation can either
be explained by the hypothesis that ssDNA invasion is unable to occur in the first
place, or that the protein stabilization on the sites of damage is too low. Alternatively,
it might be that an upstream step of complex assembly, for instance, is compromised
in the double deficiency. At the moment we can only support that ATM-1 together
with XPA-1 have a leading role in transducing the signal downstream, for the RR
completion to occur.
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 A common nominator in the two repair processes described so far is the ability of
a cell to die that gets compromised when critical repair factors are missing. The
apoptotic potential is translated into CEP-1 activation and subsequent death
triggering. Upon DNA damage, mammalian p53 is subject to a number of post-
translational modifications that influence its transactivational capacity (Bode & Dong,
2004). Phosphorylation is a common way to increase protein stability and lead to
accumulation in the nucleus. Using an anti-CEP-1 antibody we could show a change
in the pattern of the worm homolog upon UV treatment, in terms of either increased
protein synthesis or protein stability. Even in the absence of critical factors of the
pathway, such as in mutants for xpa-1, atm-1, chk-2 and the combination of the first
two, the CEP-1 protein status is altered to a, however, different extent. This is in part
in contrast with the complete or partial lack of death observed in these mutant
backgrounds, but could be justified by the redundancies expected to be present: the
same p53 site is phosphorylated by several different protein kinases and distinct
protein kinases also phosphorylate several sites on p53. Elsewise, multiple and well-
orchestrated actions of several factors are necessary for a proper CEP-1 activation. In
the atl-1 mutant animals, however, the protein status remains the same, placing ATL-
1 at the upstream end of the UV pathway.
In spite of the complexities encountered in the DNA damage signaling, charged
with all the extensive crosstalk among the numerous processes operated by a cell to
ensure propagation and continuation, the biological outcome is relatively simple in its
layout. The results of this study expand the current knowledge on DNA damage
responses in C. elegans and set up the ground for succeeding efforts. The
identification of an intrinsic interplay between repair factors and death components
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might facilitate the understanding of the interplay between molecular factors that
either promote death of the cancer cell or survival and resistance acquisition. Many
genes responsible for maintaining genome stability have been identified over the last
years. Some of these are linked to human cancers and often function in evolutionarily
conserved biological pathways (Shiloh 2003, Bernstein et al., 2002). Using C. elegans
as a model organism to dissect fundamental processes as such would help define the
signaling networks underlying defective DNA damage responses. Furthermore, the
use of already established agents towards the treatment of cancer diseases in a system
like C. elegans and the accomplishment of the desirable outcome provides a
promising field for drug research. Development and testing of chemical compounds
for potent chemotherapeutics might become a fast reality since new branches and
interconnecting points are currently emerging.
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METHODS
Genetics. All strains were grown at 20oC on NGM agar seeded with E. coli OP50
(Brenner, 1974). The Bristol N2 strain was used as the wild-type strain. The following
alleles and transgenic strains were used: LGI: atm-1(gk186), hus-1(op244), xpa-
1(ok698), cep-1(gk138), rad-54(ok615); LGIII: clk-2(mn159), mrt-2(e2663); LGIV:
xpc-1(ok734), spo-11(ok79)/nT1[unc-?(n754) let-?](IV;V);  L G V :  atl-
1(tm853)/nT1[qIs51](IV;V), chk-2(me64), chk-2(gk212); opIs183 (XPA-1::GFP).
chk-2(me64) and atl-1(tm853) strains were maintained as chk-2(me64) rol-
9(sc148)/unc-51(e369) rol-9(sc148) and atl-1(tm853)/nT1[qIs51](IV;V), respectively.
Germline apoptosis.  Young adult staged worms from different genetic backgrounds
were exposed to 100 Joule/m2 of UV light (254 nm) or to 120 Gy of X-rays and
corpses were scored in the meiotic region of one gonad arm at indicated time points
using Nomarski optics. For the treatment with the chemotherapeutic agents cisplatin
and camptothecin, worms 12 h-post the L4 stage were transferred to OP50 plates
containing 1mM and 0.1mM of the drugs and left grown there during the time course.
For the EMS treatment, they were incubated for 30 min in M9 buffer containing 37.5
and 75 mM of the methylating agent and scored for corpses at the indicated time
points after removed and washed off. For the RNAi experiments, L1 staged worms
were put on plates seeded with the respective RNAi clone (Kamath et al., 2003) and
young adults were scored for germline apoptosis in the course of time.
Relative quantification of transcripts. Total RNA was extracted from wild-type,
atm-1(gk186), atl-1(tm853/nT1) and atl-1(tm853) mutants after treatment with UV-C
271
light or X-rays or from untreated worms. cDNA synthesis and quantitative real-time
RT-PCR were performed as previously described (Hofmann et al., 2002). Transcripts
of egl-1 and ced-13 were measured after normalization with 18SrRNA, tbp-1 and pgk-
1 mRNAs, which were used as internal controls, and average fold-change upon
treatment was deduced based on three independent experiments.
Cell cycle arrest studies. Worms at the L4 stage from different genotypes were either
treated with UV (100 J/m2) or X-rays (120 Gy) or were left untreated. The cell cycle
arrest phenotype was assessed 7 h later by counting the number of mitotic nuclei in a
volume of 75 µm away from the distal tip cell, after images were captured using an
ORCA-ER digital CCD camera.
Transgenic animals. An XPA-1::GFP vector was built using 3 kb of upstream
sequences and the whole gene coding region fused C-terminally to GFP. The rescuing
unc-119(+) genomic sequence from pPD135.83 (gift of A. Fire) was subcloned into it
and the construct was inserted into unc-119(ed3) worms using the microparticle
bombardment technique as previously described (Praitis et al., 2001). Integration was
determined by loss of visible Unc progeny. Fluorescence was observed in dissected
gonads of young adult worms, after images were captured using an ORCA-ER digital
CCD camera and processed with the Openlab software.
Immunostaining of RAD-51. Antibody staining of gonads was performed using
standard procedures. Briefly, animals were dissected and fixed with 3% para-
formaldehyde/0.1 M K2HPO4 (pH 7.2) for 50 min at room temperature followed by a
10 min incubation with 100% methanol on ice. Gonads were blocked in 5%
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BSA/PBS-Tween-20 0.1% for 1 h and incubation with anti-RAD-51 (Alpi et al.,
2003) was done overnight at 4oC. The tissues were co-stained with DAPI before
mounting. Fluorescent images were captured with a Leica microscope equipped with
an ORCA-ER digital CCD camera and were processed with the Openlab software.
Immunoblotting of CEP-1. Whole worm protein extracts from different genetic
backgrounds were used for SDS-PAGE and subsequently probed with an anti-CEP-1
polyclonal antibody after pre-absorption (Schumacher et al., 2005), using standard
molecular methods. Proteins were collected before and 4 h following treatment with
100 J/m2 of UV-C. Tubulin was used as an internal loading control.
Embryonic lethality assay. Animals from different genetic backgrounds, 48 h post
the L1 stage, were subjected to 100 J/m2 of UV-C and one day later were left lay eggs
for 4-6 h. Non-hatched eggs were scored the next day as a positive embryonic lethal
phenotype and expressed as a fraction of the total eggs laid. Data shown is the
average percent lethality of 50 animals. Error bars indicate SEM.
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FIGURE LEGENDS
Figure 1 UV-C radiation induces apoptosis in the C. elegans germline via
transcriptional activation of egl-1 and ced-13 and dependent on conserved
checkpoint genes.
(a) Corpses were scored in the meiotic region of one gonad arm of young adult
animals at the 12 h-time point following treatment with different doses of UV-C
radiation. (b) A similar dose response was repeated with different doses of X-rays.
(c) The two apoptotic responses were further followed up in a time course after
exposure to 100 J/m2 of UV-C radiation and 120 Gy of X-rays. (d) The fold-increase
in the mRNA levels of egl-1 and ced-13 was determined by real-time Q-RT-PCR, 12
h following treatment with either 120 Gy of X-rays or 100 J/m2 of UV-C. Data shown
is the average fold-change of three independent experiments ± SD. (e) Time course
analysis with the cep-1(gk138), clk-2(mn159), (f) hus-1(op244), mrt-2(e2663) and (g)
chk-2(me64), chk-2(gk212) mutants following 100 J/m2 and/or 120 Gy of X-rays.
Apoptotic corpses were scored in the meiotic region of one gonad arm of young adult
animals. Data shown in all dose responses and time courses represent the average
number of three independent experiments ± SD.
Figure 2 ATL-1, the C. elegans ATR homolog, is necessary to activate UV-induced
germ cell apoptosis, in an egl-1 and ced-13-dependent manner.
(a) Corpses were scored in the meiotic region of one gonad arm of mutant animals
that lack both or one copy of atl-1 (atl-1(tm853) homozygotes and atl-1(tm853)/nT1
balanced animals, respectively) at the indicated time points following exposure to
100 J/m2 of UV-C radiation or (b) 120 Gy of X-rays. Data shown represent the
average number of three independent experiments ± SD.  (c) Corpses were scored
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in the meiotic region of one gonad arm of young adult animals of the following
genotypes: wild-type, atl-1(tm853), atl-1(tm853/nT1), atl-1(tm853/+), sDf29/+ and
mDf1/+, the last two being deficiencies in the atl-1 locus. The 12 h and the 24 h time-
points were selected to score for apoptosis upon 100 J/m2 of UV-C. Data shown
represent the average number of two independent experiments ±  SD. (d)
Transcriptional induction of egl-1 and ced-13 upon UV-C radiation is dependent on
atl-1. The fold-increase in the mRNA levels of egl-1 and ced-13 was determined by
real-time Q-RT-PCR, 12 h following treatment with either 120 Gy of X-rays or 100
J/m2 of UV-C, in the indicated genetic backgrounds. Data shown is the average fold-
change of three independent experiments ± SD.
Figure 3 DNA damage-induced germ cell apoptosis is compromised in atm-1(gk186)
mutants after UV treatment, whereas it occurs normally upon X-ray irradiation.
(a) Corpses were scored in the meiotic region of one gonad arm of young adult atm-
1(gk186) animals at the 12 h-time point following treatment with different doses of
UV-C and (b) X-ray radiation. (c) The apoptotic response was also followed up in a
time course after exposure to 100 J/m2 of UV-C radiation and 120 Gy of X-rays. (d)
Transcriptional induction of ced-13 upon UV irradiation is dependent on atm-1. The
fold-increase in the mRNA levels of egl-1 and ced-13 was determined by real-time Q-
RT-PCR, 12 h following treatment with either 120 Gy of X-rays or 100 J/m2 of UV-C,
in the indicated genetic backgrounds. Data shown is the average fold-change of
three independent experiments ±  SD. (e)  ATM-1 responds to certain
chemotherapeutic agents. 1 mM cisplatin and (f) 0.1 mM camptothecin were applied
to 12 h-post the L4 stage wild-type and atm-1(gk186) animals and corpses were
scored at the indicated time points. (c) Similarly, animals were incubated in M9
medium containing EMS at the concentrations of 37.5 and 75 mM and germ cell
275
corpses were similarly scored. Data shown in all dose responses and time courses
represent the average number of three independent experiments ± SD.
Figure 4 The Nucleotide Excision Repair (NER) machinery is required for triggering
the UV-induced cell death.
Germ cell corpses were scored in the meiotic region of one gonad arm of young adult
(a) xpc-1(ok734), (b) and (c) xpa-1(ok698) and atm-1(gk186) xpa-1(ok698) animals
at the indicated time points following exposure to 100 J/m2 of UV-C radiation and / or
120 Gy of X-rays. Data shown represent the average number of three independent
experiments ± SD. (d) Fluorescent microscopy of germ cells expressing a XPA-
1::GFP low-copy transgene. Image of dissected gonads were captured using an
ORCA-ER digital CCD camera and processed with the Openlab software.
Figure 5 UV irradiation causes cell cycle arrest in the mitotic zone of the germline.
(a) Animals in the L4 stage of the following genotypes were irradiated with X-rays
(120 Gy) and UV-C (100 J/m2) or left untreated: wild-type, hus-I(op244), clk-
2(mn159), cep-1(gk138), chk-2(gk212), atl-1(tm853), atm-1(gk186) and x p a -
1(ok698). Proliferating germ cell nuclei were counted in a 50µm distance from the
distal tip cell 7h after the treatment. Data shown represent the average number from
40 gonads ± SEM.
Figure 6a RAD-51 accumulates in the mitotic nuclei in a ATM-1- and XPA-1-
dependent manner.
(a) Wild-type nuclei and nuclei from atm-1(gk186), xpa-1(ok698) and atm-1(gk186)
xpa-1(ok698) animals were stained with an anti-RAD-51 antibody (red) and co-
stained with DAPI (blue), 4 h after worms were irradiated with 100 J/m2 of UV-C. Foci
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are detected as bright dots that co-localize with chromatin and are denoted with
white arrowheads. (b) atm-1 loss-of-function does not suppress rad-51(RNAi)-
induced apoptosis. atm-1(gk186) animals at the L1 stage were treated with RNAi
against rad-51 and germ cell corpses were scored at the indicated time points 12 h
after the L4 stage. GFP(RNAi) on wild-type and atm-1 mutants, and rad-51(RNAi) on
wild-type were used as controls. Data shown represent the average number of three
independent experiments ± SD.
Figure 7a Recombinational repair can occur following the induction of UV damage.
(a) rad-54(lf)-enhanced germline apoptosis is suppressed by cep-1(lf). Germ cell
corpses were scored in the meiotic region of one gonad arm of young adult rad-
54(ok615) animals at the indicated time-points. The same time course was repeated
after animals were exposed to cep-1(RNAi) starting at the L1 stage. (b) rad-54(lf)-
enhanced germline apoptosis is suppressed by spo-11(lf). Corpses were scored
during a time course in a spo-11(ok79) background, before and after the animals
were exposed to rad-54(RNAi) at the L1 stage. GFP(RNAi) on wild-type and spo-11
mutants, and rad-54(RNAi) on wild-type were used as controls. (c) rad-54 mutants
fail to induce apoptosis in response to UV and IR. Corpses were scored during a time
course in rad-54(ok615) animals following exposure to 100 J/m2 of UV-C radiation
and 120 Gy of X-rays. (d) The previous time course analysis described in (b) was
repeated before and after treatment with 100 J/m2 of UV-C and 120 Gy of X-rays.
GFP(RNAi) on spo-11 mutants was used as control.    (e) rad-54(lf)-enhanced
germline apoptosis is suppressed by atm-1(lf) and atl-1(lf). Corpses were scored
during a time course in atm-1(gk186) and atl-1(tm853) mutants, before and after the
animals were exposed to rad-54(RNAi) at the L1 stage. GFP(RNAi) was used as
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control. Data shown in all cases represent the average number of three independent
experiments ± SD.
Figure 8 CEP-1 protein levels change upon UV in a ATL-1-dependent manner.
Western analysis using an anti-CEP-1 antibody in the following genetic backgrounds:
wild-type, atm-1(gk186), xpa-1(ok698), atm-1(gk186) xpa-1(ok698), atl-1(tm853),
chk-2(gk212) and cep-1(gk138). Total protein extracts from untreated or previously
exposed to 100 J/m2 of UV-C radiation animals were probed 4h later with the CEP-1
polyclonal antibody. Probing against tubulin was used as an internal control
Supplementary Fig. 1 Loss of atm-1 function leads to genomic instability.
(a) Quantification of the HUS-1::GFP foci in wild-type and atm-1(gk186) mutants.
Young adult worms expressing HUS-1::GFP (opIs34) were either irradiated with low
doses of X-rays (15 Gy) or UV-C light (30 J/m2) and proliferating germ cells were
scored 8 h later for the appearance of foci formation. Foci were counted in a 75µm
distance from the DTC and are expressed as numbers per germ cell. Error bars
represent SEM. (b) Embryonic lethality assay upon UV irradiation. atm-1(gk186)
mutants display increased embryonic lethality after UV treatment and a synthetic
lethal phenotype in the hus-1(op244) and clk-2(mn159) background. The percentage
of unhatched embryos was determined in the indicated single and double mutants.
The animals had left laid eggs 24 h following treatment with 100 J/m2 of UV-C at the
L4 stage. White bars represent the non-treated and grey bars the UV-treated
condition. Data shown is the average percent lethality of 50 animals ± SEM.
Supplementary Fig. 2 RT-PCR analysis to determine the absence or not of
transcripts in the mutants used in this study. Primers were designed to flank the
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deletions in the genetic loci of the following mutants: (a) atm-1(gk186), (b) atl-
1(tm853), (c) chk-2(gk212), (d) xpc-1(ok734), (e) xpa-1(ok698), and (f) r a d -
54(ok615). Total mRNA from wild-type animals and the corresponding mutants was
used in a RT-PCR reaction, with 18SrRNA as an internal control.
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Preface
In addition to the data described and discussed for the purposes of the manuscript,
I conducted a few other experiments that either supplement the previous ones or
confer more information into this knowledge.
Below I include a list of figures and a short discussion regarding the results
obtained. The subjects of the following paragraphs are independent of each other.
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5.1. The C. elegans ATM-1 and ATL-1
5.1.1. Conservation with members among other eukaryotes
ATM and ATR belong to the superfamily of phosphatidylinositol 3-kinases (PI3-
kinase), isoforms of which participate in diverse cellular processes. Despite the
significant homology to lipid kinases, no lipid kinase activity has been demonstrated
for any of the PIK-related kinases, namely ATM/ATR, TOR (target of rapamycin)
and DNA-dependent kinase. This subgroup of proteins has been extensively studied
due to its involvement in the critical processes of cell growth, the regulation of cell
cycle progression, DNA damage checkpoints, recombination, and maintenance of
telomere length.
Both of the C. elegans proteins share the same domains, a kinase catalytic domain,
a FAT domain and a FATC-terminal domain. To determine how conserved these
proteins are with those of other organisms I aligned the full-length sequences from
seven different species. The output was used to generate an unrooted phylogenetic
tree (Figure 1). Each one of the worm ATM-1 and ATL-1 proteins cluster among
members of the same group, well separated from each other. Based on the kinase
domains only, there is a 35% and a 31% similarity with the human ATM and ATR,
respectively, those being the closest related sequences from all the species tested.
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5.2. Cell cycle arrest studies
5.2.1. Cell cycle arrest upon UV requires atm-1 and cep-1
Following exposure to UV-C radiation proliferation of mitotic nuclei in the C.
elegans germ line tissue ceases and the size of the cells becomes larger. I used this
phenotypic assay previously to quantify cell cycle arrest in different mutant
backgrounds, and among the genes required to initiate this response I found atm-1 and
cep-1.
Alternatively, I used the visible marker CYB-1::YFP that was previously
established in the lab to describe this event in wild-type animals and atm-1(gk186)
and cep-1(gk138) mutants. Under normal cycling conditions, only cells that undergo
the mitotic phase of the cell cycle express high levels of YFP giving rise to a patched
pattern (Figure 2A). Upon Ionizing Radiation or UV-C treatment a distinct zone
where all cells are highlighted is formed in the wild-type (Figure 2 B, C). This is
indicative of the cells accumulating in the same phase, presumably the G2/M.
Ionizing Radiation has the same effect on atm-1 mutants whereas UV brings no
change in the pattern of the control (Figure 2E, F).
An analogous situation occurs in the cep-1 mutants, where IR causes a normal cell
cycle arrest, while UV disrupts this response (Figure 3E, F). The results with the
cyclin B1 marker similarly indicate that a checkpoint is abrogated and render both
ATM-1 and CEP-1 a requirement for triggering cell cycle arrest in the presence of
UV-induced DNA damage.
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5.2.2. The intra-S phase checkpoint is functional in atm-1 and atl-1 mutants
To probe the role of C. elegans atm-1 and atl-1 in the DNA replication checkpoint,
I tested the ability of the mutants to respond to hydroxyurea treatment. The drug
depletes the deoxynucleotide pool and DNA synthesis is inhibited. Thus, it results in a
reduction in the number and an enlargement in size of the premeiotic nuclei of wild-
type worms (Figure 4A, B). The same pattern is observed after loss of atm-1 function,
revealing that the intra-S phase checkpoint is normally activated in atm-1 mutants
upon replication block (Figure 4C, D). Likewise, I could not specify a function for
atl-1 mutants in the intra-S phase checkpoint (Figure 4E, F), a role that would fit more
with the involvement of a protein in sensing stalled replication fork-induced damage.
5.3. ATM-1 expression studies
5.3.1. A transcriptional atm-1 reporter shows germline expression
To determine the expression pattern of ATM-1 I first turned my efforts into a
transcriptional GFP reporter. Part of the coding region and a 2.5 kb stretch of
sequences preceding the start codon were used to fuse to GFP. In the transgenic
animals generated all the cells throughout the germline are highlighted (Figure 5).
Whether this pattern is an actual perinuclear expression pattern, or represents protein
molecules that due to folding or trafficking reasons reside in the ER compartment is
elusive.
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5.3.2. ATM-1 displays perinuclear expression that partially overlaps with DNA,
following UV-C
In order to follow the localization of ATM-1 I obtained a human antibody from the
Lavin lab that recognizes the last 16-amino acid stretch at the C-terminus (Watters et
al., 1999). Figure 6 shows dissected gonads from wild-type animals, 4 h following
treatment with UV-C. A very weak cytoplasmic signal is present, similar to the non-
treated situation. Although the majority of cells appear to be devoid of any strong
expression, distinct cells in the transition zone are highlighted. The halo-like pattern is
reminiscent of the transcriptional GFP signal shown in Figure 5. Moreover, there is a
restricted overlap with the DNA as becomes clear from the merged color.
This subset of germ cells presumably represent damaged cells, that are either
undergoing repair processes or are fated to undergo apoptosis once they pass through
the death sensitive zone.
5.4. XPA-1 expression studies
5.4.1. XPA-1 is expressed in various tissues
Consistent with a role of xpa-1 in the death decision, the gene product is expressed
in the meiotic region and has a nuclear localization. However, several other tissues in
the XPA-1::GFP transgenic animals, exhibit an interesting expression pattern.
  The respective tissues are shown in Figure 7. Embryos in the one-, two- and 50
cell-stage show GFP signal in both the nucleus and the cytoplasm (A). This strongly
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implies a role of xpa-1 in the developing embryo, which can either be fundamental or
related to repair to ensure faithful transmission of the genetic information during the
fast cycling of the embryos.
Different head neurons (B), intestinal cells (C) and somatic sheath cells (D) show
strong cytoplasmic expression. The existence of protective mechanisms in neurons is
gradually being recognized as an important aspect of their function. Nowadays, self-
repair processes in the post-embryonic neuron cells are considered of major
importance (Proceedings of the 2005 International Workshop on A-T, ATM and the
DNA damage responses). The possibility that neurons and other somatic tissues have
active repair processes in C. elegans as well is very tempting and needs further
exploration.
 The oocytes have an expression pattern of particular interest (E) and (F). The
fourth fully developed oocyte displays an intense GFP signal, whereas the third has a
weaker one. The first two oocytes lack GFP expression. The reason for this
alternation is currently unknown, although the idea itself of expressing repair factors
in cells that will give rise to embryos is quite rational. Apart from the cells in the
latest stages of prophase I, occasionally early meiotic cells exhibit a nuclear pattern
(G). My hypothesis is that these could represent cells with a heavily on-going repair
activity to protect against severe spontaneous damage. Finally, apoptotic corpses are
highlighted with GFP (H), underlying the notion that xpa-1 could be involved in more
than the decision steps of DNA damage-induced apoptosis.
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5.5. The double strand break repair following UV
5.5.1. Recombinational repair, rather than non homologous end joining
predominates in the repair of UV lesions
There are two main pathways for double-strand break repair, homologous
recombination (HR) and non-homologous end joining (NHEJ), which are error-free
and error-prone, respectively. In simple eukaryotes like yeast, HR is the main
pathway, whereas mammals predominantly use NHEJ, although a cell cycle phase
specific preference also exists. NHEJ is carried out in part by DNA-PK, a holoenzyme
consisting of the catalytic subunit (DNA-PKcs) and a DNA binding and a regulatory
subunit, Ku. The reaction is initiated by Ku (Ku70/Ku86 association), which, upon
binding with the damaged ends recruits the catalytic subunit. The complex aligns the
ends to allow their ligation by DNA ligase IV, which among other factors and
activities completes NHEJ DNA repair (Bernstein et al., 2002, Valerie & Povirk,
2003, Christmann et al., 2003).
To support my finding that double strand break repair components are involved in
the death decision upon UV-induced damage, with RAD-54 and RAD-51 proteins
being implicated, I turned into components of the NHEJ pathway. In C. elegans there
are homologs of both cku-80 and lig-4. The former has been studied in a context other
than repair and no information available exists for the latter (Clejan et al., 2003). cku-
80(ok861) mutants carry a deletion that removes the whole Ku-core domain, which
includes the central DNA-binding beta-barrels and polypeptide rings and the C-
terminal arm. Therefore, the mutant is probably a null. lig-4(ok716) mutants, on the
other hand, bear a deletion that disrupts the second functional domain of the protein.
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This is a domain that is not shared by all ATP-dependent DNA ligase enzymes, but its
disruption decreases the affinity for nicked DNA in certain species. It is, therefore,
thought to be involved in DNA binding and catalysis (InterProScan description, EBI
database).
 I performed time course analyses with the two mutants following treatment with
X-rays and UV-C radiation (Figures 7, 8). Both mutations result in increased levels of
germline apoptosis, probably due to accumulation of unrepaired damage, as is the
case for mutations in components of the NER pathway. This phenotype, however, is
stronger in the cku-80(ok861) mutants. In contrast to previous reports, it seems that
non-homologous end-joining appears to play some role in the repair of double-strand
DNA breaks, at least in the germline of C. elegans (Clejan et al., 2003). Upon
treatment both mutants respond with an increase in apoptotic levels, although for both
the total fold-increase is half of that in wild-type.
Although these phenotypes need further experimental evidence to understand their
nature, the ability of the cku-80 and lig-4 mutants to respond to genotoxic stress
distinguishes them from the mutants of the other major pathway. This is an indirect
proof for the involvement of the HR components only, in the processing of UV-type
lesions.
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5.6. Additional phenotypes of the atm-1 mutants
5.6.1. atm-1 mutants exhibit a mild mutator phenotype
Checkpoint genes function to prevent cells with damaged genomes from
progressing through the cell cycle without correcting the DNA lesions. Mutations in
repair genes or genes that regulate these checkpoints have been shown to display
higher spontaneous mutation frequencies (1Myung et al., 2001, 2Myung et al., 2001).
As previously discussed, atm-1(gk186) mutants were shown to have moderate
levels of embryonic lethality and an increased sensitivity to UV by displaying
embryonic lethality (Supplementary Fig. 1b). Moreover, they have increased number
of HUS-1 foci in the germline under normal conditions (Supplementary Fig. 1a).
These data suggested that endogenous damage occurs more often in atm-1(gk186)
mutants and point towards their involvement in repairing this damage.
To look at spontaneous mutation frequencies in atm-1 mutants, I used the well-
characterized unc-93 reversion assay. The unc-93(e1500) gain-of-function mutation
results in severe paralysis that can be suppressed by loss of function in any one of five
different genes; this loss of function includes inactivating second site mutations
within the unc-93 gene itself (Greenwald & Horvitz, 1980). I found the spontaneous
suppression frequency of unc-93(e1500) worms to be 7.9x10-5 (Figure 9). In two
independent atm-1(gk186);unc-93(e1500) strains (F1.1 and F1.2), the mutation
frequency was 12 times higher than in the control strain. What has been previously
reported for the hus-1(op244) mutant, the fold-increase in the mutation rate is up to
25, compared to a 1x10-6 of the control strain. These results are suggestive of the fact
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that loss of atm-1 function leads to genomic instability, probably due to defects of
repair.
5.6.2. atm-1 mutants have a normal lifespan
One of the phenotypic characteristics of Ataxia-Telangiectasia patients is
premature aging. This, in part, is associated with the most commonly observed defect
that affects telomeres, that being telomeric fusions particularly in T lymphocytes
(Metcalfe et al., 1996). A-T cells not only have higher rates of chromosome end
associations in metaphase and interphase, but also show chromosomal breaks at
metaphase and fewer telomeric signals (Pandita et al., 1995). Similar to the human
situation, in Drosophila spontaneous telomere fusions and other chromosomal
abnormalities are also common in cells lacking ATM (Silva et al., 2004).
Since it is believed that it is the repair functions of ATM kinase that promote
telomere maintenance by inhibition of illegitimate recombination or fusion events,
and since the C. elegans ATM-1 is involved in repair, I measured the lifespan of atm-
1(gk186) mutant animals. In two independent experiments, the average lifespan
coincides with that of wild-type (Figure 10). Therefore, no ‘premature aging’
phenotype is observed in the worm mutants. However, to test the role of C. elegans
ATM-1 in the maintenance of normal telomeres and chromosome stability, I would
need to examine the length of telomeres.
324
References
Clejan, I., Meier, B. & Ahmed, S. cku-80 and lifespan in C. elegans. International
Worm Meeting 2003.
Greenwald, I.S. & Horvitz, H.R. unc-93(e1500): A behavioral mutant of
Caenorhabditis elegans that defines a gene with a wild-type null phenotype. Genetics
96(1), 147-64 (1980).
Libina, N., Berman, J.R. & Kenyon, C. Tissue-specific activities of C. elegans DAF-
16 in the regulation of lifespan. Cell 115(4), 489-502 (2003).
1Myung, K., Chen, C. & Kolodner, R.D. Multiple pathways cooperate in the
suppression of genome instability in Saccharomyces cerevisiae. Nature 411(6841),
1073-6 (2001).
2Myung, K., Datta, A. & Kolodner, R.D. Suppression of spontaneous chromosomal
rearrangements by S phase checkpoint functions in Saccharomyces cerevisiae. Cell
104(3), 397-408 (2001).
Proceedings of the 2005 International Workshop on A-T, ATM and the DNA damage
responses. Italy, 2005.
Watters, D., Kedar, P., Spring, K., Bjorkman, J., Chen, P., Gatei, M., Birrell, G.,
325
Garrone, B., Srinivasa, P., Crane, D.I. & Lavin, M.F. Localization of a portion of
extranuclear ATM to peroxisomes. Biol Chem. 274(48), 34277-82 (1999).
326
Methods
Cell cycle arrest studies. The cell cycle arrest phenotype was alternatively visualized
using a cyclin B1 reporter construct. opIs76 transgenic animals bearing low copies of
CYB-1::YFP, in a wild-type and an atm-1(gk186) or a cep-1(gk138) mutant
background, were treated with 100 J/m2 of UV-C or 120 Gy of X-rays 12 h post the
L4 stage. Images from dissected gonads were captured 10 h later using an ORCA-ER
digital CCD camera and were processed with the Openlab software.
Hydroxyurea studies. Standard NGM agar plates were prepared containing HU at a
final concentration of 25 mM. Wild-type worms or atl-1(tm853) and atm-1(gk186)
mutants at the L4 stage were grown for 7 h there until gonads were dissected and
stained with Hoechst 33342 (0.5 g/mL). The functionality of the intra-S checkpoint
was assessed by the morphological view of the distal end of the gonads.
Transgenic animals. An Patm-1::GFP vector was built using 2.5 kb of sequences
upstream of the predicted start codon and 2 kb of the ORF, and was fused C-
terminally to GFP. The rescuing unc-119(+) genomic sequence from pPD135.83 (gift
of A. Fire) was subcloned into it and the construct was inserted into unc-119(ed3)
worms using the microparticle bombardment technique as previously described
(Praitis et al., 2001). Integration was determined by loss of visible Unc progeny.
Fluorescence was observed in dissected gonads of young adult worms, after images
were captured using an ORCA-ER digital CCD camera and processed with the
Openlab software.
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unc-93(e1500) reversion assay. Mutants of each genotype were singled out (unc-93,
n=100 ; atm-1;unc-93, n=100) and monitored for three generations until plates were
starved. Animals were then newly transferred and plates with revertants were scored
as independent events. Reversion frequency was determined by dividing these with
the number of haploid genomes screened for each genotype.
Lifespan analysis. Lifespan assays were performed at 20°C and were initiated at the
L4 larvae stage with 80-100 worms. Animals were transferred away from their
progeny to new plates every other day until the end of the reproductive period (in case
of sterility, they were kept on the same plates). I used the Excel software to carry out
statistical analysis and to determine mean lifespans. Animals that crawled off the
plate, "exploded" (e.g., had a gonad extruding through their vulva), or "bagged" (e.g.,
died from internal hatching) were censored at the time of the event and were not
included into the final data set.
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CHAPTER 6
A ROLE FOR A PROTEIN SIMILAR TO A SPLICE VARIANT OF THE HUMAN
RNA POL I BETA SUBUNIT IN DNA DAMAGE RESPONSES IN THE
C. ELEGANS GERM LINE
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Preface
The work in our lab aims to decipher the mechanisms by which eukaryotic cells
detect various forms of DNA damage and then signal the presence of these structures
to the DNA repair machinery, the cell cycle engine and the apoptotic device. As many
aspects of the DNA damage response have been highly conserved throughout
eukaryotic evolution, we are analyzing proteins involved in these pathways in the
model organism of C. elegans.
Having defined the basal components that constitute the DNA damage signaling
pathway initiated following exposure of the C. elegans germ cells to ionizing
radiation, we turned our efforts to identify new players. In this chapter I describe the
work initiated by Randy Hofmann, a former post doc in the Hengartner lab and
continued by myself during the third year of my PhD thesis.
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6.1. Identification of rpo-1
6.1.1. A forward genetic screen for mutants defective in cell cycle arrest upon
ionizing radiation
Forward genetic screens in C. elegans is an important component of studies to
unveil genes that, when mutated, disrupt a certain biological process. In the cell death
field, labor-intensive screens under a compound microscope have been proven very
useful for the identification of new genes (Ellis et al., 1991, Hengartner et al., 1992).
To identify novel genes that participate in the initiation of cell arrest upon
treatment of the C. elegans germ cells with ionizing radiation, such a forward screen
was conducted. It was performed as a F1 clonal screen using DIC microscopy to
observe the desired phenotype. The parental generation of wild-type worms was
mutagenized using the chemical alkylating agent EMS (1.25mM) and two generations
afterwards the animals were exposed to 120 Gy of γ-rays. The rationale of this screen
was based on the fact that germ cells that normally undergo cell cycle arrest in the
mitotic zone exhibit the phenotype of few in number but large in size nuclei. A
mutation disrupting the function of a gene involved in this response would suppress
this phenotype. After screening 2000 haploid genomes, the op259 mutation was
recovered. Figure 1a shows the germline from a wild-type worm and an op259 mutant
under the DIC microscope, before and after treatment with IR. The difference in size
of the mitotic nuclei upon treatment between the two genotypes is visible and easily
detectable. The arrowheads in these two panels mark subcellular structures that
become visible upon IR and they will be discussed further in paragraph 6.5.5 (Figure
14).
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To quantify the phenotype that the op259 mutants exhibit, Randy measured the
population of cells that reside in a 50µm distance from the distal tip cell, 12 h after
treatment with increasing doses of X-rays (Figure 1b). The initial number of germ
cells that the untreated op259 mutants possess is lower by 30% compared to the wild-
type, probably due to a proliferation defect that the animals exhibit. Indeed the
mutation causes a slow growth phenotype, estimated to be around 12 h later than the
normal rate. Following treatment the wild-type animals show a sudden decrease in the
number of cells, already with 30 Gy of X-rays. Upon the maximum dose used, the
decrease is 68% from the initial levels. op259 mutants, on the other hand, display only
a 34% reduction in the number of proliferating germ cells at this dose. Although the
cell cycle arrest response seems to be half as strong compared to the wild-type, the
mutants do exhibit a decrease upon ionizing radiation, with kinetics similar to wild-
type as the doses increases. An alternative method to quantify the response to IR and
decide on whether the mutants are actually defective, is presented in paragraph 6.5.2.
Nevertheless, the cell cycle arrest defect seems to be not the most prominent
phenotype of op259 mutants.
6.1.2. Mapping the op259 mutation at the F14B4.3 locus
With a combination of three-factor and two-factor mapping techniques, Randy
mapped the op259 mutation on the right arm of chromosome I, near the center. A
series of fine mapping and finally sequencing determined its position and the gene
affected turned out to be F14B4.3. The expected amino acid sequence of the gene that
was subsequently named rpo-1 is 1127 long (Figure 2A). The gene is predicted to
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code for the beta subunit of the DNA-directed RNA polymerase I, comprising seven
domains.
Domain 1, which is also known as the protrusion domain, forms one of the two
distinctive lobes of the Rbp2 structure in mammals. DNA has been demonstrated to
bind to the concave surface of the lobe domain, and plays a role in maintaining the
transcription bubble (Cramer et al., 2001). The other lobe is nested within this domain
(domain 2). Domain 3 is also known as the fork domain and is proximal to catalytic
site, whereas domain 5 is known as the external 2 domain. Between domain 3 and 5
lies domain 4, but shows no homology to the equivalent domain of the mammalian
Rpb2. The external domains in multisubunit RNA polymerase (those most distant
from the active site) are actually known to demonstrate more sequence variability.
Domain 6 represents the hybrid-binding and the wall domain. In the Pol II
transcription elongation complex, the hybrid-binding domain binds the nascent RNA
strand/template DNA strand. It contains the important structural motifs, switch 3 and
the flap loop and binds an active site metal ion. The structural domains anchor and
clamp are part of domain 7. The clamp region (C-terminal) contains a zinc-binding
motif and a region termed switch 4. The switches within the polymerase are thought
to signal different stages of transcription (Cramer et al., 2001) (InterProScan
description, EBI database).
The op259 mutation resides in the first domain of the RNA Pol beta subunit and
results in the alteration of amino acid 70 from a proline to a serine. To find whether
the mutation affects a specially conserved residue, I selected a stretch around that
region (residues 50-203) to identify similarities with proteins from other organisms. I
subsequently aligned RPO-1 with the proteins that best matched it: the human RNA
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polymerase I polypeptide beta (hPolIbeta), the human RNA polymerase I 135kDa
polypeptide (hRpa135) and the equivalent from S. cerevisiae named yRPA135
(Figure 2B). Although the first two human proteins share 99% similarity, a stretch of
56 amino acids is missing from hRpa135. With a similarity between 40 and 45%,
RPO-1 is most likely the homolog of the human RNA polymerase I polypeptide beta
and the yeast Rpa135 (discussed further in paragraph 6.6.1). This result changes the
initial notion that rpo-1 is the actual second largest subunit of RNA PolI.
6.2. rpo-1 is required for DNA damage-induced cell death
6.2.1. rpo-1 mutants are defective for ionizing radiation- and UV-induced
apoptosis
The cell cycle arrest is only one aspect of the DNA damage responses in the
germline of C. elegans. To look for an involvement of rpo-1 in the DNA damage-
induced germ cell death, the mutants were followed in the course of time, after
exposure to different doses of X-rays. Apoptotic corpses were scored in the meiotic
region of one gonad arm of young adult animals, having the response of wild-type
animals as a control (Figure 3a). Under all doses tested, the rpo-1(op259) mutants
exhibit a defect in mounting an apoptotic response to ionizing radiation. Moreover, to
test whether rpo-1 is also involved in the UV apoptotic pathway which, as discussed
in Chapter 5, has some different genetic requirements from the IR pathway, the
mutants were exposed to Ultraviolet Light (254nm). A similar time course analysis
was performed using 120 Gy of X-rays and 40 J/m2 of UV-C light, as shown in Figure
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3b. rpo-1(op259) mutants are defective for both ionizing radiation and Ultraviolet
Light-induced apoptosis.
6.2.2. rpo-1 mutants fail to respond to endogenous DNA damage
Apart from damage caused by an external source of genotoxic stress, double-strand
breaks can occur normally during meiotic prophase as the initiating events in meiotic
recombination. In C. elegans such breaks can initiate apoptosis (Gartner et al., 2000).
Inhibition of rad-51, a member of the RecA family that catalyzes the invasion of
DNA single-strand overhangs into a recipient double-strand DNA to initiate the
formation of D loops and the later steps of meiotic recombination, results in
unresolved DNA breaks. This, in turn, leads to increased germ cell death. Mutants for
the IR responsive pathway, such as hus-1(op244), mrt-2(e2663) and clk-2(mn159) as
well as for the p53 homolog cep-1(gk138) can suppress rad-51(lf)-induced cell death,
suggestive of its nature as DNA damage-induced.
To test whether rpo-1 can exert the same function as the above checkpoint and pro-
apoptotic genes, the germline of rad-51(lg8701) and rpo-1(op259);rad-51(lg8701)
mutants was scored for the presence or not of excessive cell death. The rad-51
homozygote mutants have a maternally rescued embryonic lethal phenotype and are
therefore kept balanced with the nT1 balancer chromosome. Both homozygotes and
heterozygotes animals, though, have increased germline apoptosis and they are both
equally hypersensitive to the effects of ionizing radiation (Figure 4A). Increased cell
death due to loss of rad-51 function is suppressed by the op259 mutation, suggesting
that endogenously DNA damage-induced cell death does not occur properly in the
mutants. Moreover, the hypersensitivity upon radiation treatment is also suppressed
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by the op259 mutation in rpo-1, supporting the previous finding that ionizing
radiation-induced cell death fails to take place in the absence of RPO-1 (Figure 4B).
To corroborate this result, Randy examined the genetic relationship between rpo-1
and abl-1. The latter is the homolog of human c-Abl, a conserved nonreceptor
tyrosine kinase that integrates genotoxic stress responses, acting as a transducer of
both pro- and antiapoptotic effector pathways. In C. elegans the gene serves an anti-
apoptotic purpose in the germ line acting as a negative regulator of the pathway
initiated by the checkpoint genes hus-1, mrt-2 and clk-2 and leading to the activation
of the p53 homolog, cep-1. Worms carrying a deletion in the abl-1 gene are
specifically hypersensitive to radiation-induced apoptosis in the germline (Deng et al.,
2004).
Apoptotic corpses were, therefore, scored in the meiotic region of one gonad arm
of abl-1(ok171) and rpo-1(op259);abl-1(ok171) mutant animals, that were either
treated with 120 Gy of X-rays or were left untreated. The increased baseline in germ
cell apoptosis observed in abl-1(ok171) mutants is inhibited by loss of rpo-1 function
(Figure 5). This suggests that, death arising from endogenous damage probably due to
environmental stress or meiotic recombination intermediates requires an intact rpo-1
gene to occur. Additionally, the hypersensitivity of abl-1(ok171) mutants upon
ionizing radiation is suppressed by the op259 mutation in rpo-1, suggesting once
more that radiation-induced cell death does not occur properly in the absence of RPO-
1.
The fact that artificially induced DNA double strand breaks have the same effect as
breaks caused by irradiation regarding the lack of activation of apoptosis, gives C.
elegans rpo-1 a place in the DNA damage signaling network.
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6.2.3. RNAi against rpo-1 phenocopies the op259 mutation
To support the finding that rpo-1(op259) mutants are defective for any type of
DNA damage-induced cell death, I undertook the commonly used approach of the
RNAi application. A similar to the mutant phenotype would indicate that the defect
we observe is due to a lowering in the activity of the protein under study.
Suppression of the rpo-1 transcripts using standard conditions applied in the lab
(feeding L1 worms with 1mM IPTG) resulted in sterility of the parental worms and
severe germline defects. This suggests, in parallel, that the op259 mutation is
hypomorphic and that further interference with the physiological function of the gene
affects their normal development. After optimization the conditions required
application of RNAi at the L3 larval stage using 2.5mM of IPTG. Apoptotic corpses
were subsequently scored in the meiotic region of young adult animals before and 12
h following treatment with 120 Gy of X-rays (Figure 6). In independent experiments
using different controls the cells failed to undergo apoptosis in response to DNA
damage, proving the validity of our results with the mutant.
In a parallel effort to rescue the apoptotic defect by inserting the wild-type copy of
the rpo-1 gene, the outcome was less successful. Cloning the full length of the gene
including promoter sequences was not possible. I therefore used the cosmid that
contains the rpo-1 locus and tried to inject it in the germline of rpo-1(op259) mutants,
with the help of Jason Kinchen. It is known, however, that insertion of high copies of
external DNA is silenced in the germline. For that reason, I looked at the first
generation of animals that had obtained the cosmid. Following treatment with X-rays
there was a partially penetrant increase in the number of corpses similar to the wild-
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type response, showing rescue of the mutant phenotype (data not shown). The cosmid,
as expected, was not active in the following generations.
6.3. Physiological cell death is normal in rpo-1
6.3.1. rpo-1 lies upstream of the apoptotic and engulfment machinery
The failure of germ cells to undergo apoptosis in response to DNA damage in a
rpo-1 mutant background could also raise the question of how efficient the apoptotic
machinery itself is in this mutant. Such a possibility can underlie two different
occurrences: Either the death activity of the apoptotic machinery is compromised, or
there is a death-suppressing activity present.
To explore this issue, apoptotic corpses were scored during the course of time in
the germline of animals carrying both the op259 mutation and the n1950, a strong
loss-of-function mutation in the cell death suppressing gene, ced-9 (Figure 7a). The
latter results in increased levels of germ cell death, consistent with the protective role
of ced-9 in the germline (Gumienny at al., 1999). The op259 mutation in rpo-1 does
not suppress loss of ced-9 function, suggesting that RPO-1 acts upstream of a
functional apoptotic machinery.
Loss-of-function mutations in genes that function in engulfment result in the
accumulation of persistent apoptotic cell corpses and genetically define two partially
redundant pathways. It has been proposed that these genes essential for engulfment of
apoptotic corpses also play a role in cell killing (Reddien et al., 2001). To exclude
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that the defect in DNA damage-induced cell death in the rpo-1(op259) mutants is due
to an improper function of the engulfment machinery, the ced-6 mutants were chosen
for study. CED-6, an adaptor molecule acting within engulfing cells promotes the
engulfment of cells at both early and late stages of apoptosis (Liu and Hengartner,
1998). Apoptotic corpses were then scored in the meiotic region of rpo-1(op259) and
rpo-1(op259) ced-6(n1813) animals in the course of time (Figure 7b). Loss of ced-6
function is not suppressed by the op259 mutation in rpo-1, suggesting that RPO-1
does not affect the clearance of apoptotic corpses and therefore the lapse of
physiological cell death. Furthermore, death in rpo-1(op259) is, as expected,
suppressed by ced-3(lf), suggesting that it is indeed apoptotic in nature.
In addition, to prove that physiological cell death can occur unperturbed, Randy
also scored apoptotic corpses during the course of time in the germline of animals
carrying both the op259 mutation and a loss-of-function mutation in a gene that
affects germline apoptosis, gla-1 (Figure 7c). The op234 mutation results in increased
levels of germ cell death under physiological conditions, although the mechanism of
action is still not so clear (Milstein, PhD thesis, 2001). The op259 mutation in rpo-1
does not suppress loss of gla-1 function, suggesting that RPO-1 does not affect
physiological cell death. Or at least, it does not interfere with something that activates
the apoptotic machinery in the absence of external DNA damage in this mutant.
All the above double mutant analysis with components of both the apoptotic and
the engulfment machinery points to the fact that, germ cells in rpo-1 mutants not only
have the intrinsic ability to die, but also to be phagocytosed properly using a fully
functional at all stages apoptotic device.
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6.4. Understanding the mode of RPO-1 function
6.4.1. RPO-1 affects the transcriptional activation of egl-1 and ced-13
An important element of the apoptotic DNA damage response in C. elegans is the
transcriptional activation of egl-1 and ced-13, the two genes coding for the BH3-only
domain proteins. This HUS-1 and CEP-1- dependent process is what triggers the
increased germ cell apoptosis following ionizing radiation (Hofmann et al., 2002).
The observation that DNA damage-induced germ cell death is abrogated in rpo-1
mutants, made it reasonable to examine the induction of the two genes. I measured the
change in the mRNA levels of egl-1 and ced-13 by real-time Q-RT-PCR, during a
time course and following treatment with 120 Gy of X-rays (Figure 8a). As expected,
in rpo-1(op259) mutants induction of egl-1 is compromised to a significant degree,
showing an average of 50% reduction compared to the wild-type, for all the time-
points tested. The op259 mutation, on the other hand, has a more severe impact on the
induction of ced-13, with barely any induction compared to the wild-type situation,
especially for the 6 to 24-hour time-window.
Thus, RPO-1 is required for the activation of the two BH3 domain-bearing genes
in C. elegans. This finding, on the other hand, does not unveil any information about
the order of action of rpo-1 and other genes that show a similar defect in the
transcriptional induction of egl-1 and ced-13. It is still possible that rpo-1 acts in the
principal DNA damage pathway comprising hus-1 and cep-1. Alternatively, it can
exert its function in a pathway parallel to the previous one and still diverge with it at
the level of the two pro-apoptotic molecules. Notably, though, the significant decrease
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in mRNA induction is still distinguishable from the total abolishment observed in a
cep-1 loss-of-function.
6.4.2. RPO-1 affects the transcriptional activation of pme-5 and dod-22
To investigate the possibility that RPO-1 is implicated in a pathway that controls
general responses to genotoxic stress, other than or additional to those that directly
affect the apoptotic machinery, I studied the regulation of pme-5. The gene encodes
one of the members of the poly (ADP-ribose) polymerase (PARP) conserved family
of enzymes. By catalyzing the synthesis of poly (ADP-ribose) and the covalent
attachment of this polymer to glutamic acid residues of acceptor proteins such as
histones and topoisomerases, it regulates cellular processes such as maintenance of
chromatin structure, programmed cell death, and DNA replication and repair. In
response to ionizing radiation expression of the C. elegans pme-5 transcript increases,
an activation that requires the DNA damage checkpoint gene hus-1 (Chapter 7).
I therefore measured the change in the mRNA levels of pme-5 by real-time Q-RT-
PCR, during a time course and following treatment with 120 Gy of X-rays (Figure
8b). Transcriptional induction of the gene remains low in rpo-1(op259) mutants
relative to the wild-type response, and is at comparable levels for all the different
time-points. Interestingly enough, there seem to be two peaks in the expression of
pme-5 in the wild-type animals.
To assess the role of RPO-1 in a signaling network that involves not only
responses to genotoxic stress, but is broader to include signals from the environment,
I studied the regulation of dod-22. In a microarray experiment performed previously
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in the Hengartner lab to identify genes that are upregulated in response to ionizing
radiation in wild-type worms, the gene dod-22 was found to be among the ones highly
activated (Milstein, PhD thesis, 2001). It turned out that dod-22 also belongs to a
group of genes that act downstream of daf-16 to influence lifespan in C. elegans
(Murphy et al., 2003). It is postulated that the insulin/IGF-I pathway exerts its effect
on lifespan by upregulating a wide variety of genes, including cellular stress-response
genes. How the finding with dod-22 and presumably other DNA damage responsive
genes is integrated to this notion is currently unknown.
I measured the change in the mRNA levels of dod-22 by real-time Q-RT-PCR,
during a time course and following treatment with 120 Gy of X-rays (Figure 8b). As
was previously the case, transcriptional induction of the gene is compromised in rpo-
1(op259) mutants relative to the wild-type response. In addition, the mRNA levels
remain constant in all the different time-points tested, compared to the gradual decline
observed in the wild-type animals after the 6-hour time-point.
Thus, RPO-1 is required not only for the transcriptional activation of the two pro-
apoptotic genes, egl-1 and ced-13, but seems to regulate at least a small set of other
DNA damage responsive genes. This fact is not to be generalized until more genes are
tested or the exact function of RPO-1 in DNA damage responses is elucidated.
Moreover, the link that bridges environmental perturbation with the cellular
metabolism and the genomic status is still unidentified.
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6.4.3. RPO-1 does not affect the expression pattern of CEP-1 upon ionizing
radiation
Given the lack of apoptosis in rpo-1 mutants following infliction of DNA damage,
a phenotype that is also shared by the p53 homolog in C. elegans, we thought of
examining any possible genetic interaction between the two factors.
For this purpose, Randy followed the localization of CEP-1 in the germline in a
rpo-1 mutant background. Animals carrying integrated copies of a CEP-1::GFP
transgene are expressing the fusion protein throughout the germline. The construct is
lacking the 3’-UTR of the cep-1 gene, therefore missing important regulatory
elements that would restrict expression in the mitotic and pachytene zone, as recently
described (Schumacher et al., 2005). Despite that, it proves itself suitable for this type
of analysis to be performed.
Under normal conditions, the expression pattern is largely uniform throughout the
tissue in a wild-type background. Following treatment with 120 Gy of X-rays, the
signal is redistributed (Figure 9A). Certain cells in the mitotic compartment are
highlighted and these usually overlap with the morphologically big cells. However,
since cep-1 is dispensable for cell cycle arrest, these might simply represent damaged
cells. Similarly, a number of meiotic germ cells are enriched in GFP signal. In these
cells we postulate that CEP-1 has been stabilized, presumably at the posttranslational
level, and is competent to exert its pro-apoptotic function. In a rpo-1 mutant
background, the pattern is not at all different from the wild-type situation described
above (Figure 9B). Certain cells accumulate increased GFP signal and the protein is
preferentially localized in some others.
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We therefore conclude that there is no dependency of the CEP-1 localization or
expressivity on the presence of a functional RPO-1. This further implies that rpo-1
might act either downstream or in a pathway parallel to cep-1 and they both converge
at the level of cell death initiation upon DNA damage.
6.4.4. Loss of rpo-1 function results in hypersensitivity upon IR
A sensitive measure for the ability towards DNA damage responses, accounting
for the combined effects on apoptosis, cell cycle arrest and repair, is the radiation
sensitivity assay. The survival of the embryos generated from mitotic cells that have
been exposed to the damaging effects of radiation is assessed that way.
I used this method to determine whether animals with impaired rpo-1 activity are
sensitive to the irradiation, as is the case for known checkpoint genes. Animals from
different genetic backgrounds were irradiated at the L4 stage with 120 Gy or were left
untreated. A day later they were let lay eggs and finally unhatched embryos were
counted and expressed as a fraction of the total number laid. As is shown in Figure
10, rpo-1 exhibits considerable levels of embryonic lethality under normal conditions
and at 20oC (21%). The most likely explanation would be an essential function for the
protein during embryogenesis that results in decreased progeny survival. However, an
involvement of the protein in the process of repairing endogenous damage cannot be
excluded. Following treatment with X-rays, this percentage increases up to 42%, a
value that lies between the one for hus-1(op244) and clk-2(qm37) checkpoint mutants.
This effect could probably be the result of inability to cope with the inflicted damage.
Interestingly, simultaneous loss of the hus-1 checkpoint gene under normal
conditions gives rise to a synthetic lethal phenotype for rpo-1 with 54% progeny that
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don’t survive. This dramatic effect in survivorship often implies that possible genetic
interactions might exist to insure either proper repair in the germline or proper
propagation of the embryos. In contrast to that, combined loss of rpo-1 and clk-2 does
not confer any increase in the severeness of the phenotype, resulting in the phenotype
of the former. This piece of evidence gives probably a hint as to the pathway where
rpo-1 might be involved. It is very likely that both genes form a genetically distinct
pathway in response to DNA damage. Indeed, clk-2 defines a novel pathway parallel
to that of hus-1, based on several parameters including embryonic lethality data
(Ahmed et al., 2001, Hofmann et al., 2002).
6.5. Additional phenotypic characteristics of rpo-1
6.5.1. rpo-1 mutants have an abnormal nucleus and nucleolus morphology
The overall size of a metazoan is under tight control at the cellular level. Growth
occurs by increases in both the size of individual cells and in the actual number of
cells. Although these processes are coordinated most of the times, with cells
increasing in size and subsequently dividing, they can also become uncoupled. Rapid
cleavage divisions, for instance, occur during early embryogenesis without any
increase in size. Conversely, growth of cells in a certain tissue can happen in the
absence of cell division. It is very well established that cancer arises from
uncontrolled cell division, but there is accumulating evidence that inappropriate cell
size increase can play a big role in its development and/or progression (Prober and
Edgar, 2001, White, 2005, Goberdhan and Wilson 2003).
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Studies in bacteria and yeast have previously demonstrated that cell growth is
closely linked to translational control and ribosome biogenesis (Nomura et al., 1984).
This correlation becomes apparent for example in the diminished transcription of
ribosomal RNAs (rRNA and 5S RNA) during quiescence and subsequent increase
after stimulation with growth factors.
The nucleolus represents a highly dynamic nuclear compartment of the interphase
nucleus. Its major established function is the synthesis of rRNA and the assembly of
preribosomal subunits. Among the genes that negatively regulate ribosome synthesis
through their ability to inhibit both RNA polymerase I and III transcription, are the
drosophila RB retinoblastoma protein (Cavanaugh et al., 1998, White, 1997) and the
C. elegans ncl-1 (Frank and Roth, 1998).
One of the obvious phenotypic characteristics that also led to the isolation of the
rpo-1(op259) mutants is the small size of the germ cell nuclei. To investigate the
underlying events that give rise to such a morphology and attempt to probably
connect this feature with the inherent inability of the mutants to respond to DNA
damage, I systematically quantified the size of both nuclei and nucleoli.
Animals from different genetic backgrounds at the L4 stage were used to count the
diameter of the first mitotic germ cells under the DIC microscope (Figure 11a). In this
analysis, DNA damage defective mutants, of the checkpoint gene hus-1 and the pro-
apoptotic factor cep-1 were included. As a control for lack of cell death, the ced-3
mutants were also measured. Moreover, mutants for the ncl-1 gene and animals
mutated for both ncl-1 and rpo-1 were analyzed. In C. elegans, the ncl-1 gene codes
for a B-box zinc finger protein that may be a suppressor of rRNA synthesis and an
inhibitor of cell growth. ncl-1 mutants are larger than wild-type worms and have
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larger cells with elevated protein content. In almost all their cells the nucleoli are also
enlarged due to higher rates of rRNA synthesis and consequently higher steady state
levels of rRNA.
As expected, animals defective in rpo-1 have significantly smaller nucleoli and
animals with compromised ncl-1 activity are much larger in nucleoli size. Double
mutants exhibit the phenotype of the rpo-1 single mutants, suggesting that rpo-1 is
epistatic to ncl-1. The same holds true for the nucleoli size of meiotic germ cells that
reside just before the bend of the gonad, leading to the same conclusion for the
probable order of action of the two gene products (Figure 11b). The same difference
in the size of the nucleoli is also reflected in the nuclei size of the meiotic cells.
Moreover, it seems that hus-1 mutants follow a similar pattern, with their nuclei being
smaller than the normal and cep-1, although to a lesser degree, falls into the same
group. A daring but attractive explanation for this result would be a general tendency
for DNA damage signaling mutants to display such phenotypic characteristics that are
somehow related to the lack of mounting the proper responses, cell death in particular,
upon genotoxic stress. In contrast to that, the observed effect that the ced-3(n717)
mutation has on nuclei size of the animals could be attributed to the absolute lack of
physiological apoptosis. Such a defect results in the accumulation of extra germ cells
that lack the appropriate nutrients and this manifests the effect on cell size.
To further support the epistatic relationship between rpo-1 and ncl-1 and in parallel
to test it in a tissue other than the germline, I measured the diameter of the nuclei in 4-
cell stage embryos of all the previous genetic backgrounds (Figure 11c). Also in a
somatic tissue the op259 mutation suppresses the phenotype of the increased nucleus
size of ncl-1. To speculate on the mode of action of these proteins, both are expected
to be necessary for a cell to achieve the balance in transcribing ribosomal DNA at
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adequate amounts. In C. elegans rpo-1 is most probably required to relieve the
negative strain posed by ncl-1 on the ribosomal genes.
6.5.2. The nucleus and nucleolus size of rpo-1 mutants changes upon ionizing
radiation
Using the approach described in the previous paragraph to demonstrate the
deviation of rpo-1 from the normal sized nuclei, it turned out that it could be proven a
useful tool to quantify cell cycle arrest in the corresponding mutant. Already in
paragraph 6.1.1 it was shown that the mutants exhibit a decrease in the mitotic germ
cell number upon ionizing radiation, although not as strong as the wild-type animals.
In this case, wild-type and rpo-1 mutant animals were picked as L4 and irradiated
with 120 Gy of X-rays. Seven hours later the diameter of the nucleus and the
nucleolus of the first mitotic cells was measured (Figure 11d). In both cases, there is
an increase observed in size that falls into the range of 30-33%. What differs, though,
is the initial size of cells in wild-type and rpo-1 mutants, that counts for 12% and 26%
reduction in the latter for the nuclei and the nucleoli, respectively. In conclusion, the
increase in size following IR reflects a concomitant decrease in the number of germ
cells and points to a largely functional cell cycle checkpoint for rpo-1.
6.5.3. Ribosomal RNA synthesis is altered in rpo-1 mutants
A decrease in the germ cell size is likely to indicate a diminish in protein synthesis
and this, in turn, apparently demonstrates the decreased capability for protein
synthesis or ribosome production. Because the nuclear and nucleolar size in rpo-1
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mutants is smaller compared to the wild-type, we hypothesized that the levels of
ribosomal RNA might also vary.
The ribosomal RNA genes are arranged in large clusters of usually many hundreds
of genes. Each gene unit contains an 18S, 5.8S and 28S gene. These genes are
transcribed by the RNA polymerase I as a single precursor rRNA (pre-rRNA)
transcript containing external transcribed spacers at the 5'- and 3'-ends, and internal
transcribed spacers separating the genes. The pre-rRNAs are processed to mature
rRNAs, with a procedure that requires a number of nucleolar proteins, nucleases and
small nucleolar ribonucleoprotein particles (snoRNPs).
For the purpose of this experiment I assayed the steady state levels of processed
and unprocessed 5.8S rRNA transcripts with real time Q-RT-PCR (Figure 12). I
compared the amount of transcripts in the rpo-1(op259) mutant with that in wild-type
and ncl-1(e1865) mutant. Moreover, I used a strain that bears a deficiency in the
rDNA locus, eDf3/eDf24, and one that carries a duplication of that region, sDp1. Both
the processed and the unprocessed form of the 5.8S rRNA is reduced in the absence
of rpo-1, in consistency with the small cell size of the mutants. In ncl-1 only the
unprocessed form of transcripts is slightly higher, whereas the processed one is rather
lower than the normal levels. A possible explanation for that would be that, having a
not properly functional protein only affects the production of the primary transcript,
but does not have an effect on the processing itself. In the deficiency strain both
primary and mature transcript levels are somewhat above background levels. In
contrast to that, in the strain that has a duplicated rDNA locus, these levels are both
significantly lowered. This result, although strikingly unconventional considering the
capacity of the cells in the two respective genetic backgrounds, could still be
explicable. An excess of rRNA transcripts might be toxic for the cells, thereby
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repressing mechanisms might occur to control the rate of synthesis. On the other
hand, insufficient amounts could lead to an increase in the production of the
transcripts, to compensate for the loss.
These results suggest that both the levels of processed and unprocessed 5.8S rRNA
transcripts are negatively affected in the rpo-1(op259) mutants and that this is
reflected to the nuclear and nucleolar size. However, there is no hint about the
underlying mechanism. Whether rpo-1 acts directly or indirectly to control these
levels needs to be determined.
6.5.4. rpo-1 is epistatic to ncl-1 and mimics the reduction in rRNA levels upon IR
The pro-apoptotic role of rpo-1 in combination with the unconventional phenotype
of the nucleolus in the mutants that were described so far, is challenging the concept
of these two facts being linked at the molecular level. Indeed, differences in the
morphology and the biosynthetic activity of the nucleoli between normal proliferating
and neoplastic cells have been well documented (Busch, 1990, Horky et al., 2002).
Increased nucleolar activity is coordinated with cell proliferation in tumor cells.
To address the issue of the existence of a relationship between ribosomal RNA
production and commitment to cell death upon DNA damage, I quantified the
apoptotic response in mutants with deregulated rRNA levels. Apoptotic corpses were
scored in the meiotic region of young adult worms of the following genotypes: rpo-
1(op259), ncl-1(e1865), rpo-1(op259);ncl-1(e1865), sDp1, the already mentioned
duplication of the 5.8S rDNA locus, eDf3/eDf24, the deficiency in that region and
+/rpo-1Δ, a deletion around the rpo-1 locus on one chromosome (Figure 13). The
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response was measured at the 12- and the 24-hour time-point after application of 120
Gy of X-rays.
As expected, rpo-1 mutants display a defect in the IR-induced apoptosis, whereas
apoptosis in ncl-1 mutants is comparable to the wild-type levels. In the double
mutants apoptosis upon IR is suppressed, consistent with previous data regarding the
germ cell size where rpo-1 was shown to be epistatic to ncl-1. The cell death levels
following irradiation in the strain carrying a duplication of the ribosomal locus (sDp1)
are falling within the wild-type range. In contrast to that, when animals are devoid of
a whole rDNA locus (eDf24), the apoptotic response is strongly compromised.
Therefore, the deficiency in the rpo-1 locus mirrors the op259 mutation with respect
to the inability to mount a proper apoptotic response following genotoxic stress. A
similar behavior is observed when a deletion in the genomic region where rpo-1 lies
(+/rpo-1Δ) is present. The mutants have increased levels of endogenous apoptosis, for
reasons that are not clear at the moment but are probably related to the nature of this
allele. Upon treatment with ionizing radiation there is an increase observed, yet the
fold-induction is 2-3 times less compared to the wild-type response.
These results point to an involvement of the ribosomal locus in triggering the
appropriate DNA damage-induced apoptotic response. Whether it is the compromised
production of ribosomal transcripts or the excessive production of these molecules
more of an issue to consider is not clear yet. However, the results strongly suggest
that the role of rpo-1 in the DNA damage responses must be more specific, than
simply a factor prerequisite for ribosomal synthesis. Titrating out the locus where it
belongs already has an effect on cell death. The op259 point mutation in a
homozygous state, however, is likely to disrupt a crucial interaction that results, upon
DNA damage induction, in lack of apoptosis activation.
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6.5.5. Appearance of intranuclear structures upon IR in wild-type and rpo-1
mutants
One of the observations that we made while treating wild-type animals with
ionizing radiation is the appearance of “nuclear dots” in the mitotic germ cells (Figure
14A). These can have either a uniform round shape or an irregular shape, foci-like,
and are scarcely found in the non-irradiated cells. Damage infliction results in a
dramatic increase of their number in a 50µm distance from the DTC, both in the wild-
type and the cep-1(gk138) background and to a lesser degree in the hus-1(op244)
background (Figure 14B).  In rpo-1(op259) mutants, however, their frequency under
normal conditions is already high and only reaches half the levels achieved by the
wild-type when cells are expose to IR. Interestingly, clk-2(mn159) mutants appear to
show a similar defect in the generation of these “dots”, suggesting that the presence
and abundance of these intranuclear structures depend predominantly on a functional
rpo-1 and clk-2 rather than any other pro-apoptotic gene. This is also consistent with
the probability of the two forming a genetically distinct pathway (paragraph 6.4.4).
Nevertheless, their frequent existence under normal conditions in the absence of rpo-
1, imply a more sophisticated way of action and a complex type of regulation.
The nature and the possible role of these “dots” are currently unknown. It is
reminiscent, however, of different other nuclear compartments and subnuclear
domains, whose role in the regulation of gene expression, signaling, and cellular
functions is constantly emerging.
Indeed, the nucleus contains a heterogeneous group of intranuclear
(nucleoplasmic) structures, situated within the nuclear matrix and distinguished
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mainly by morphologic criteria. The so-called nuclear bodies (NBs) include several
domains containing granular and fibrillar materials. NBs are implicated in diverse
major activities, such as pre-mRNA synthesis and processing, splicing, packaging,
and traffic-transport within the nucleus and towards the cytoplasm. Prominent
structures of the nucleus comprise the well-characterized Cajal bodies (CBs), the
nucleolus, perinucleolar and perichromatin regions, PML bodies and similar
intranuclear foci containing multi-molecular complexes with major role in DNA
replication, surveillance, and repair, as well as messenger RNA and ribosomal RNA
synthesis and assembly (Zimber et al., 2004).
Research over the years has implicated the nuclear bodies in extreme physiological
and environmental conditions. A number of diseases are believed to be related to
those, ranging from neurodegenerative diseases to predisposition to cancer. The list
with these diseases demonstrate that a lack of function due to a loss, structural
change, and/or inappropriate localization of such proteins may result in cellular
degeneration and death, or in a deregulation of processes such as cell proliferation,
differentiation, apoptosis, and DNA surveillance, thus contributing to malignant
transformation and degenerative diseases.
A closer focus on the ultrastructure of the observed upon irradiation nuclear
structures, for example using electron microscopy, will probably shed light into their
origin in the C. elegans germ line. Additionally, a search for the proteins that may
reside or stored inside these formations could help elucidate their function in DNA
damage responses. The lack of abundance in the rpo-1 mutants may contribute to the
rapid recognition of their function, based on the nature of the gene affected in these
animals.
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6.6. How is RPO-1 connected to the DNA damage signaling network?
6.6.1. RPO-1 is homologous to a splice variant of the second largest subunit of
human RNA polymerase I
Despite the generation of all the data to expound the phenotype of rpo-1(op259)
mutants and the involvement of the protein in the response to both endogenously
caused and exogenously inflicted DNA damage, a clear association at the molecular
levels is still missing. Further insight into the biological process where the C. elegans
rpo-1 might be implicated, are hampered by the lack of a set of interacting partners.
In an effort to identify proteins that are physically associated with RPO-1, a yeast-
two-hybrid approach was undertaken by Randy Hofmann and Stuart Milstein. This
attempt yielded no information, probably because the bait was the full-length protein.
Very often a segment of the protein of interest is used to generate the bait,
especially since not all the parts of the protein confer to its function. I used the
GlobPlot bioinformatics service to identify regions meant to be structured and
therefore without any functional domain or, on the other hand, unstructured
(disordered) and therefore with small motifs that are important for protein function.
According to the Russell-Linding prediction model for the mutated residue in the rpo-
1(op259) mutants lies within the 61-332 amino-acid segment, a sequence part with
perfect order / globularity (Figure 15). This result is also confirmed by applying the
"hot loops" parameters, where again the affected amino acid 70 (P) lies in a structured
region (Figure 16).
Considering the fact that avoidance of potentially disordered segments in protein
expression constructs can increase expression, ability to fold and stability of the
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expressed protein, we are undertaking new efforts to exclude regions flanking the
mutation that most likely contribute to instability.
The rpo-1 gene product, though, was identified as part of the map of the
interactome network of C. elegans, a study initiated to discover most of the existing
protein-protein interactions in the nematode (Li et al., 2004). In this data set, RPO-1,
used either as a bait or being a prey, was found to interact with some of the subunits
of the RNA polymerase I. More specifically, the homologs of the yeast RPA12
subunit, the RPC19 and RPC40 common to RNA polymerases I and III subunits, the
common to all RNA polymerases RPB5 subunit, and the large subunit of RNA
polymerase I, were the interactors obtained. These all have homologs in the human
genome as well.
A closer look at the human proteins that claim to be potential functional homologs
of RPO-1 resulted in a single gene named POLR1B. It turned out that the gene has
two splicing variant forms, one of them being the second subunit of the RNA
polymerase I, alternatively known as hRpa135. For the other isoform (named
hPolIbeta in Figure 2B), which lacks exon 2 from the mRNA transcript, no function
has been assigned yet. The 56-amino acid stretch that is absent contains the region
with the conserved proline residue that is mutated in the worm rpo-1 product.
This raises the challenging hypothesis that the two proteins in the two different
organisms constitute a new group of polypeptides, whose role is distinct from being
one of the subunits of the RNA polymerase I complex. Novel functions might arise
that are relevant to the cellular response to genotoxic stress, by the utilization of key
gene units to control processes of DNA surveillance and cell demise.
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6.6.2. RPO-1 is probably a functional homolog of the yeast Rpa135 protein
Interestingly, the yeast genome contains a gene homologous to rpo-1 and the
human RNA polymerase I polypeptide beta. The yRPA135 exerts the same function
with the hRpa135, namely is part of the transcription complex, retaining at the same
time the stretch that is missing from the human equivalent (see Figure 2B for details).
A number of studies using affinity precipitation and two-hybrid experiments to
discover interacting partners of the yeast protein, led to 32 proteins with diverse
functions
(http://db.yeastgenome.org/cgibin/phenotype/phenotype.pl?dbid=S000006214&type=
allinteraction). Among members of the RNA polymerase complex, proteins that
control chromatin assembly and chromosome function, proteins involved in proper
folding or degradation of gene products, proteins required for nuclear transport were
identified (Gavin et al., 2002, Ho et al., 2002, Krogan et al., 2004, Flores et al.,
1999).
The Rad51 strand exchange protein, involved in the recombinational repair of
double-strand breaks in DNA during vegetative growth and meiosis, was one of the
interactors of yRPA135. Similar to the situation in worms the protein in yeast
accumulates meiosis-specific double strand breaks (DSBs) at a recombination
hotspot. Rad51 mutants are also defective for X-ray damage repair and gene
conversions. The protein interacts with itself and other members of the RAD52
epistasis group, all of which are involved in the repair of DSBs in DNA caused by
ionizing radiation and MMS. Furthermore they are involved in the maintenance of
telomere length and in mitotic and meiotic recombination. This result is of particular
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interest since it gives the first link to a process initiated upon DNA damage, such as
repair.
One of the four major serine/threonine phosphatases, PP2A, found to be implicated
in the negative control of cell growth and division in yeast (Stark, 1996), was
identified as another protein interacting with yRPA135.  It was recently shown that
PP2A interacts with ATM in undamaged cells, regulating its autophosphorylation and
activity (Goodarzi et al., 2004). Ionizing radiation induces phosphorylation-dependent
dissociation of PP2A from ATM and loss of the associated protein phosphatase
activity. Association of different targeting subunits with the core enzyme is known to
be an important mechanism of regulating PP2A activity, substrate specificity, and
localization to specific cellular microenvironments and/or signaling pathways.
Moreover, a well-known cellular event where the phosphatase participates is the
regulation of the cell cycle (Mumby and Walter, 1993). All this current knowledge
might be proven very useful for the elucidation of the rpo-1 role in the cellular
responses and in DNA damage signaling activation in C. elegans and might give
insights for new regulatory relationships in mammals.
Among the interactors of yRPA135, two proteins involved in ubiquitin-mediated
protein degradation were recognized. Doa1, a WD repeat is known to play a role in
controlling the cellular ubiquitin concentration. Additionally, it promotes efficient
NHEJ (non-homologous end joining) in the postdiauxic/stationary phase of S.
cerevisiae, since mutants show a decrease in the NHEJ/SSA (single-strand annealing)
ratio (Wilson, 2002). San1, a ubiquitin-protein ligase is known to control the turnover
of a specific class of unstable nuclear proteins including Sir4p but not Sir2p or Sir3p,
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suggestive of a role of the protein in chromatin-mediated transcriptional silencing
(Dasgupta et al., 2004).
The possibility that RPO-1 might be implicated in a post-translational checkpoint
to control its stability or activity during DNA damage responses is not to be
overlooked. This would be in the same conceptual frame with findings in the
mammalian field that there are multiple links between the ubiquitin/proteasome
system and the apoptotic machinery. The function of p53, for instance, is substantially
controlled through ubiquitylation by the RING-finger-dependent ubiquitin protein
ligase Mdm2 and subsequent proteasomal proteolysis (Haupt et al., 1997).
Modulation of many cell-cycle regulatory proteins, such as cyclins and CDK
inhibitors, also affects apoptosis (Nakayama et al., 2000). In addition to that, various
Bcl-2 family members have been identified as substrates of the proteasome, whose
inhibition of degradation has been found to influence the outcome of apoptosis
(Dimmeler et al., 1999). Finally, the ubiquitin-ligase activity of IAPs (inhibitors of
apoptosis) leads to their auto-ubiquitylation and degradation, when a cell needs to
commit to apoptosis (Yang et al., 2000).
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6.7. Nucleolus: can site and size regulate function?
6.7.1. The “nucleolus and RPO-1 connection” hypothesis
The emergence of the rpo-1 gene product from a gene that is normally involved in
the production of ribosomal RNA, made us turn to the nucleolus as a potentially
reference point for the protein function.
The nucleolus has a well-established role in ribosomal subunit assembly.
Additional nucleolar functions, not related to ribosome biogenesis, have been
discovered, though, within the last decade. One of the more intriguing novel roles is
the participation of the nucleolus in sensing cellular stress and transmitting signals to
the system that regulates the activity of p53. The latest model dictates that nucleolar
disruption is a prerequisite for stabilization of p53 under various stress conditions
(UV radiation, anti-cancer drugs, heat shock, hypoxia) (Rubbi and Milner, 2003), and
that this stabilization is most likely dependent on the interaction of ARF with MDM2
(Zhang and Xiong, 2001) However, this sensor model may not hold for all cell types,
or other nucleolar molecules can mediate the p53 response. A growing body of
literature actually points to multiple levels of nucleolar involvement in p53 regulation,
including the association of p53 with abundant nucleolar proteins (nucleolin and
nucleophosmin) involved in ribosome biogenesis (Daniely et al., 2002, Colombo et
al., 2002). Furthermore, the ribosomal protein L11 negatively regulates MDM2 and
mediates a p53-dependent ribosomal-stress checkpoint pathway (Zhang et al., 2003).
It is very tempting to hypothesize that the C. elegans RPO-1, in analogy, might
constitute a link between the nucleolus and DNA damage initiated responses. It is also
very critical, though, to determine its precise localization. An association with the
372
nucleolus could reinforce this hypothesis. Moreover, identification of interacting
partners for RPO-1 might help identify additional mechanisms by which a stress
signal is perceived and transferred to the apoptotic machinery.
6.7.2. The “cell size and RPO-1 connection” hypothesis
The phenotypic feature of the rpo-1 mutants with a smaller germ cell nuclei and
nucleoli size, in combination with the apoptotic defect that they display upon DNA
damage, made us consider the relationship between germ cell growth and proper
activation of DNA damage responses.
Ribosome biogenesis is an essential cellular process that is highly coordinated to
lead to accurate initiation and regulation of protein synthesis. Increase in rRNA
synthesis by inactivating mutations, or alterations in the modification of rRNAs, or
mutations and overexpression of ribosomal proteins might have deleterious effects on
the cell. This can be manifested either by an increase in ribosome production, thereby
leading to an upregulation in total translation, or by alterations in translation of
specific mRNAs, which are involved in the regulation of cell proliferation.
Furthermore, when key checkpoints important in coordinating ribosome production
with accurate cell-cycle progression are lost, 'nucleolar stress' occurs with a
subsequent unrestrained cellular proliferation (Ruggero and Pandolfi, 2003). In cancer
cells which harbor inactivating mutations in p53 and Rb, for example, deregulation of
Pol I and Pol III activity might contribute to tumorigenesis (Cairns and White, 1998,
White et al., 1996).
The growth defect of the germ cell nuclei, together with the restricted proliferation
in the germline tissue of rpo-1(op259) mutants are associated with changes in the rate
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of rRNA synthesis (discussed in paragraph 6.5.3). Whether and how rpo-1 is
implicated in the process of ribosome biogenesis needs to be clarified. If so, it is
possible that either the global translation or the translation of certain mRNA
transcripts is affected. In the second case, the protein synthesis of pro-apoptotic genes
under conditions of stress is most likely to be disturbed.
Since one of the most striking visual features of cancer cells is their highly
enlarged nucleoli and having the knowledge that several oncogenes and tumor
suppressors might regulate malignant progression growth (White, 2005), it is
important to consider how RPO-1 interacts with the mechanisms that regulate proper
DNA damage responses.
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Methods
Genetics. All strains were grown at 20oC on NGM agar seeded with E. coli OP50
(Brenner, 1974). The Bristol N2 strain was used as the wild-type strain. The following
alleles and transgenic strains were used: LGI: hus-1(op244), cep-1(gk138), rpo-
1(op259) eDf3/eDf24, sDp1; LGIII: ced-6(n1813), clk-2(mn159), ncl-1(e1865), ced-
9(n1653); LGIV: rad-51(lg8701), ced-3(n717); LGX: abl-1(ok171). The rad-
51(lg8701)  and rpo-1(op259);ncl-1(e1865) strains were maintained as rad-
51(lg8701)/nT1[qIs51](IV;V) and rpo-1(op259);ncl-1(e1865)/hT2[qIs48](I;III),
respectively.
Germline apoptosis.  Young adult staged worms from different genetic backgrounds
were exposed to selected doses of X-rays (30, 60, 120 Gy) or to 40 Joule/m2 of UV
light (254 nm) and corpses were scored in the meiotic region of one gonad arm at the
indicated time points using Nomarski optics. For the RNAi experiments, L1 staged
worms were put on plates seeded with the respective RNAi clone (Kamath et al.,
2000) and young adults were scored for germline apoptosis in the course of time or at
the indicated time points.
Cell cycle arrest studies. Wild-type or rpo-1(op259) mutant animals at the L4 stage
were either treated with X-rays (30, 60 and 120 Gy) or were left untreated. The cell
cycle arrest phenotype was assessed 12 h later by counting the number of proliferating
germ cell nuclei in a volume of 50 µm away from the distal tip cell, after images were
captured using an ORCA-ER digital CCD camera.
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Relative quantification of transcripts. Total RNA was extracted from either wild-
type and rpo-1(op259) mutants before and after treatment with X-rays, or from wild-
type, rpo-1(op259), ncl-1(e1865), eDf3/eDf24 and sDp1 strains. cDNA synthesis and
quantitative real-time RT-PCR were performed as previously described (Hofmann et
al., 2002). Transcripts of egl-1, ced-13, dod-22, pme-5 and 5.8SrRNA were measured
after normalization with 18SrRNA and/or tba-1 mRNAs, which were used as internal
controls. Average fold-change upon treatment was deduced based on three
independent experiments.
Embryonic lethality assay. Animals from different genetic backgrounds, 48 h post
the L1 stage, were subjected to 120 Gy of X-rays and one day later were left lay eggs
for 5-8 h. Non-hatched eggs were scored the next day as a positive embryonic lethal
phenotype and expressed as a fraction of the total eggs laid. Data shown is the
average percent lethality of 50 animals. Error bars indicate SEM.
Cell size measurements. Gonads or 4-cell stage embryos from wild-type, hus-
1(op244) , cep-1(gk138), ced-3(n717), rpo-1(op259), ncl-1(e1865) and rpo-
1(op259);ncl-1(e1865) mutant animals at the L4 stage were captured using an ORCA-
ER digital CCD camera. The nuclei and/or nucleoli diameter was measured in the first
mitotic cells and the meiotic cells before the bend of the gonad. Alternatively, photos
were taken from wild-type worms and rpo-1 mutants 7 h following treatment with
120 Gy of X-ray, and the above measurements were repeated.
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CHAPTER 7
THE C. ELEGANS GENE PME-5: MOLECULAR CLONING AND ROLE IN
THE DNA-DAMAGE RESPONSE OF A TANKYRASE ORTHOLOGUE
DNA Repair
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    Preface
In the presence of DNA strand breaks eukaryotic cells activate signal transduction
pathways that trigger cell cycle arrest and repair mechanisms leading ultimately to
cell survival or programmed cell death. Central to pathways that maintain genomic
integrity is the immediate modification of histones and nuclear proteins by ADP-
ribose polymers catalyzed by poly(ADP-ribose) polymerases (PARPs). Although
PARP1 has been mostly studied, the research in the field is expanding due to the
presence of less characterized subgroups, including tankyrase-1 and -2, PARP-2 and -
3, sPARP-1 and VPARP (Tong et al., 2001, Ame et al., 2004, Oei et al., 2005).
My participation in the project presented in this chapter started when the group of
Dr. S. Desnoyers, from the Department of Pediatrics at the CHUL Research Centre
and Laval University, decided to further explore the precise role of tankyrases in C.
elegans. The paper deals mainly with the molecular cloning of pme-5 (poly(ADP-
ribose) metabolism enzyme-5), a potential tankyrase homolog, and my task was to
investigate a connection, if any, with DNA damage responses. Following the paper
presented below is my contribution to this.
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7.1. Hints for involvement of pme-5 in the DNA damage responses
7.1.1. Induction of pme-5 transcripts after ionizing radiation (Figure 6B)
Since poly(ADP-ribosyl)ation is known to be part of an immediate response to
DNA damage, we hypothesized that there might be a change at the transcriptional
levels of pme-5 upon ionizing radiation. Three hours after the application of 120 Gy
of X-rays the mRNA levels were significantly higher, as measured by real-time
quantitative RT-PCR (Figure 6B). Actually the transcript amounts increased four
times, soon after 30 min (Figure 6A). To find the genetic requirements for this
induction, I turned to hus-1  that was already known to be required for the
transcriptional up-regulation of egl-1 upon ionizing radiation (Hofmann et al., 2002).
In the hus-1(op244) mutants pme-5 induction was totally suppressed (Figure 6B),
suggesting that pme-5 most likely acts downstream of the hus-1 checkpoint gene in
the generation of a DNA damage response signal.
7.1.2. RNAi against pme-5 results in elevated levels of apoptosis in the germ line
(Figure 7)
To gain some insight into the role of the gene in the DNA damage responses, I
inactivated it by RNAi and measured the apoptotic response before and after the
application of ionizing radiation (Figure 7). A small increase in the levels of
endogenous apoptosis was observed, implying an involvement of pme-5 in the repair
of endogenous DNA damage. Following treatment with X-rays the induction of
apoptosis was comparable to wild-type, unlike what is stated in the paper.
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Considering the efficiency of RNAi as a technique, though, these experiments should
be repeated using the mutant that became available in the meantime (pme-5(ok446)).
Poly(ADP-ribosyl)ation is an immediate cellular response to DNA damage
generated either endogenously or from exogenous factors. The proteins that catalyze
this post-translational modification belong to the poly(ADP-ribose) polymerase
superfamily (PARPs). By synthesizing poly (ADP-ribose), and by covalently
attaching this polymer to glutamic acid residues of acceptor proteins such as histones
and topoisomerases, it regulates diverse cellular processes. It has been proposed that
maintenance of chromatin structure, DNA replication and repair, recombination, cell
proliferation and programmed cell death, are among the functional tasks of PARPs.
What has led to this plethora of functions is the modular architecture of PARPs. A
conserved core responsible for the catalytic activity to which a number of specific
targeting and regulatory modules have been added, characterizes all the members in
the superfamily. PARP-1 and PARP-2 are so far the only members whose catalytic
activity is stimulated in vitro and in vivo by DNA strand-breaks and which catalyze
the transfer of the ADP-ribose moiety from NAD+ to a limited number of acceptor
proteins involved in chromatin architecture and in DNA metabolism (Ame et al.,
2004, Oei et al., 2005).
Among the other members of the PARP family, tankyrase 1 (TRF1-interacting,
ankyrin-related ADP-ribose polymerase, TANK1) was identified as a partner of the
human telomeric protein TRF1 in a two-hybrid screening (Smith et al., 1998).
Overexpression of TANK1 promotes release of TRF1 from telomeres and telomere
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elongation (Smith & Lange, 2000), whereas shutting down its expression blocks the
cells during early anaphase, suggesting a role in the resolution of specific cohesion
complexes (Dynek & Smith, 2004).
TANK2 interacts with the same set of proteins as TANK1 (e.g. TRF1) and
probably mediates overlapping functions in telomere homeostasis and vesicle
trafficking. When overexpressed, it induces caspase-independent cell death through
the loss of mitochondrial potential (Kaminker et al., 2004).
However, the question of how these PARP-like molecules with which pme-5
shares similarity contribute to genome stability, is still open. To address this issue in
C. elegans, a number of answers concerning its function either as an ADP(ribose)-
polymerase or a tankyrase or both, have to be obtained. First the function of the PARP
domain, both the catalytic and the regulatory, has to be deciphered in terms of ability
to initiate and polymerize ADP monomers. Similarly, whether pme-5 possesses a
branching activity has to be molecularly proven, despite the presence of conserved
amino acids involved in the branching process. In addition, evidence is necessary to
prove that the coiled coil domains act as a substitute for the lack of SAM domain, a
characteristic feature of tankyrases, and if so, to determine the nature of the potential
dimers formed. Finally, important for the documentation of a role for pme-5 in DNA
damage responses is the identification of interacting partners. The clustered ANK
repeats could be candidate docking sites for different protein-protein interactions.
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CHAPTER 8
 FUTURE DIRECTIONS
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Preface
The work in our lab aims to decipher the mechanisms by which eukaryotic cells
detect various forms of DNA damage and then signal the presence of these structures
to the DNA repair machinery, the cell cycle engine and the apoptotic device. As many
aspects of the DNA damage response are highly conserved throughout eukaryotic
evolution, we are analyzing proteins involved in these pathways in the model
organism of C. elegans.
The current study identified some novel players in the DNA damage responses
upon ionizing radiation and helped to explore a novel UV-inducible pathway.
Considering the dense networking in these responses, we only have a fragmentary
knowledge of some of the events that lead to the different biological outputs, namely
the activation of checkpoints, DNA repair and apoptosis.
Below I submit some of the open questions in the field as well as some of the ways
to approach them.
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How is CEP-1 regulated upon genotoxic stress? If protein modification, e.g.
phosphorylation, is a positive mode of regulation, what are the negative regulators of
the protein activity?
It is almost very well-defined by now that the mammalian p53 is regulated in a
number of ways that lead to its activation as a gene regulator. Modifications of the
protein by chemical alterations or controlling its levels by degradation have been
extensively studied in the past (reviewed by Wahl & Carr, 2001, Oren, 2003,
Fingerman & Briggs, 2004, Yang et al., 2004).
So far knowledge on the C. elegans p53 mode of regulation is lacking. Mapping of
potent sites of modification by mass spectrometry analysis and subsequent
identification of the responsible enzyme, might be a good marker for testing activity
of the principle pro-apoptotic molecule in worms.
Moreover, a negative regulator of CEP-1 with a function equivalent to that of
Mdm2 ubiquitin protein E3 ligase, is up to now missing from the worm proteome
(reviewed by Moll & Petrenko, 2003, Chène, 2004). Whether such an unidentified
ligase exists or another one plays that role remains to be determined. In a screen for
modifiers of the cep-1(lf) situation, the ned-8 gene coding for an E3 ligase was
obtained (Derry et al., 2003). Data from my experiments revealed an increased
apoptosis phenotype in the germline when knocking down the gene function by RNAi
(data not shown). Such observations should be followed up more and a closer look at
all genes predicted to function as such has to be undertaken.
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How does CEP-1 initiate cell cycle arrest upon exposure to Ultraviolet Radiation?
How is cell cycle arrest initiated upon exposure to ionizing radiation?
Having identified a role for CEP-1 in the activation of germ cell proliferation arrest
upon UV and in contrast to IR, the question of how this is succeeded arises. Previous
studies have excluded the involvement of two cyclin kinase inhibitors, cki-1 and cki-
2, homologs of the mammalian p21, as inducible by ionizing radiation genes
(Hofmann et al., 2002). With the knowledge that p21 transcription mediates cell cycle
arrest in a p53-dependent manner (Bunz et al., 1998), the mRNA levels of the already
mentioned worm genes should be examined more carefully during the course of time.
Additionally, a fraction of genes that were found to be regulated upon ionizing
radiation in the microarray experiments were linked to the cell cycle progression
control. For instance, the yeast APC homolog (Anaphase-Promoting Complex) or the
human p27kip1 equivalent gene lies in that group (mat-1). A member of the CDC25
family of cell cycle regulators (cdc-25.3) is an ENU-regulated gene. The nature of
these genes points to a starting point for the elucidation of how the cell cycle arrest is
initiated upon genotoxic stress in C. elegans.
The knowledge of the exact cell cycle phase that is blocked (through the use of
cyclin-specific reporters) will assist the search for such regulators, following exposure
to both IR and UV.
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Is there an involvement of the C. elegans chk-1 in the DNA damage responses?
The experimental analysis of Chapter 5 identified a role for the C. elegans chk-2 in
mediating both the cell cycle arrest and the apoptotic response upon treatment with
Ultraviolet light, but assigned no function to it in the ionizing radiation-induced
pathway. The involvement of the yeast and the mammalian chk-1 homolog in
checkpoint activation upon genotoxic stress makes it a reasonable candidate to act
downstream of the ATL-1 kinase following IR. Although knocking down the gene
function by RNAi did not result in any detectable defect, repeating all the appropriate
assays with the mutant animals will be more informative.
Furthermore, initiating a biochemical characterization of the two major damage
responsive pathways will complete the current view of how the DNA damage
signaling is triggered in C. elegans and might constitute an inspirational platform for
the design of approaches to identify new players in the field.
What is the precise function of LIN-26 in the execution of cell death upon IR?
Is the molecular function of LIN-26 linked to that of a transcription factor or is it
more likely associated with a RNA binding activity?
The deduced amino acid sequence of lin-26 points to its role either as a
transcription factor, with both the transcriptional induction or repression activity
equally possible, or as an RNA binding protein. Biochemical experiments in the form
of chromatin immunoprecipitation analyses or RNA binding assays are necessary in
order to determine the gene or transcript targets, respectively.
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Although it is obvious from the preceded analysis that LIN-26 is implicated in the
DNA damage responses, it is not known yet where in the signaling pathway the
protein acts. It might exert its function in the principal DNA damage pathway
comprising hus-1 and cep-1, or in a parallel one and still diverge with the former at
the level of the two BH3-only domain molecules. The abundance in the messages of
lin-26 in the absence of the CEP-1 protein under physiological conditions, in
combination with the putative p53 binding sites in the gene implies a regulatory
relationship between the two molecules. To establish the validity of such a
hypothesis, an in vitro DNA binding assay using an a-CEP-1 antibody should be
performed.
The modification of the LIN-26 protein upon genotoxic stress implicates a protein
kinase in the hierarchy of the DNA damage signaling cascade where it acts. Mapping
the potent phosphorylation sites on LIN-26 by 2D-gel electrophoresis and subsequent
mass spectrometry analysis would reveal a lot of the underlying biology.
The gene dosage effect unveiled by the deletion lin-26 allele is worth to be further
explored since it might be of relevance to cancer biology. Blockage of apoptosis by
loss of one functional gene copy is an interesting and common feature of
haploinsufficient tumor suppressor genes. The scoring of a deficiency that covers the
gene locus will enable to identify the nature of the phenotype and speculate more on
the gene function.
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How does RPO-1 regulate the cell death decision upon exposure to IR?
Is there any role for the nucleolus in sensing and transducing signals that regulate the
activity of proapoptotic genes, e.g. cep-1?
RPO-1 is homologous to a splicing variant of the human second largest subunit of
RNA polymerase I, for which no role up to now has been assigned. This raises the
challenging hypothesis that the two proteins constitute a new group of polypeptides,
and that novel functions might arise by the utilization of key gene units to control
processes of DNA surveillance and cell demise.
The embryonic survival studies placed rpo-1 in the clk-2 pathway, parallel to the
hus-1 one, to influence the transcriptional activation of the two pro-apoptotic genes,
egl-1 and ced-13. Since the clk-2 pathway has not been described yet, the approach
from two different sides might help elucidate its nature.
The mutation in the rpo-1 gene negatively affects both the levels of processed and
unprocessed 5.8S rRNA transcripts and this is reflected to the nuclear and nucleolar
size. Titrating out the locus (by genetic deficiencies) has an effect on the activation of
cell death, mirroring the op259 mutation. Whether ribosomal biosynthesis is
associated with triggering of the appropriate DNA damage-induced apoptotic
response cannot be yet deduced.
A growing body of literature, though, points to multiple levels of nucleolar
involvement in the regulation of p53, including its association with abundant
nucleolar proteins involved in ribosome biogenesis (Daniely et al., 2002, Colombo et
al., 2002). It is very tempting to hypothesize that RPO-1, in analogy, might constitute
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a link between the nucleolus and DNA damage initiated responses. Studies to identify
interacting partners upon infliction of damage by the yeast-two-hybrid technique, for
example, might shed some light on the issue. Moreover, determining the subcellular
localization of the protein before and following DNA damage, by raising specific
antibodies against it, would be crucial to prove this hypothesis.
Is there a role for the proteasome machinery in the death decision upon genotoxic
stress?
What is the nature of the defect in rpn-9(gk401) mutants?
The microarray analysis revealed a radiation-induced transcriptional activation of
the rpn-9 gene and the mutant analysis identified a defect in the induction of
apoptosis. Although the characterization presented in this dissertation is very
preliminary, a systematic approach to conclusively establish a mode of function for
the gene is necessary. This would involve all the regular assays to identify a potential
checkpoint or repair role for the protein and double mutant analyses to determine
genetic interactions with known pro- and anti-apoptotic checkpoint proteins.  
All of the characterized proteins containing PINT (Proteasome, Int-6, Nip-1 and
TRIP-15) domains, like the rpn-9 gene product, are parts of larger multi-protein
complexes. Identification of the components of such a complex upon DNA damage
might unveil interesting information on the general role of the proteasome in
regulating responses upon conditions of genotoxic stress. Ideally, the protein’s
interaction with (a) specific substrate(s) might be telling of its specific role in the
DNA damage responses.
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How is the phospholipid-independent AKT/PKB kinase implicated in the initiation of
cell death upon IR?
The microarray analysis also revealed a radiation-induced transcriptional activation
of the W04B5.5 gene, coding for a phospholipid-independent AKT/PKB kinase. The
human counterpart is also significantly induced in a p53-dependent manner after
DNA damage, whereas the budding yeast homolog, known as ksg1, is involved in the
control of cell cycle arrest via a phosphoinositide signaling pathway.
The apoptotic defect of animals lacking the respective kinase in C. elegans
engages the protein in the DNA damage signaling network, at least in the short term
apoptotic responses. An extensive genetic study that involves double mutant and
epistasis analyses is required to establish a gene function. The starting point would be
known components of the stress responsive pathway in C. elegans, where the AKT
kinases that mediate the DAF-2 signaling are implicated.
Although the AKT/PKB signaling pathway is now recognized as one of the most
critical pathways in regulating cell survival, by providing the cells with a signal that
allows them to withstand apoptotic stimuli, a new branch might be emerging with the
W04B5.5 protein participating in signaling the genotoxic stress stimuli to the
apoptotic machinery. It was recently reported, though, that the gene product, named
PIAK by the researchers, phosphorylates the mammalian AKT/PKB and activates the
survival pathway that may be utilized during periods of cellular quiescence (Li, et al.,
2001). Despite that, a pro-apoptotic function during conditions of genotoxic stress
cannot be readily excluded.
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